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SUMMARY
Mean surface pressure distributions on surface-mounted 
semi-cylindrical bodies, together with associated near wake 
flow regimes were investigated. The work was carried out by 
undertaking wind tunnel measurements on two and three- 
dimensional models. The effects of changes in the model 
cross sectional geometries and aspect ratio, approach flow 
conditions, model surface roughness and Reynolds number on 
the mean surface pressures were investigated. In 
particular, the Reynolds number dependency of the mean 
pressure distributions was analysed in depth and a post- 
critical Reynolds number flow was simulated by using 
artificial surface roughness at subcritical Reynolds 
numbers.
Whilst qualitative flow visualisation studies identified 
the extent of the near wake region of each model, pulsed- 
wire measurements of mean velocities and turbulence 
intensities in the recirculation region of each model 
provided detailed information on the near wake flows. The 
separated shear layers associated with the three- 
dimensional semi-cylindrical models were found to be highly 
curved in contrast to those associated with two-dimensional 
blocks and steps.
Measurements of surface pressures on semi-cylinders, 
sheltered by upstream model fences or identical semi- 
cylindrical bodies, identified the effects of the 
sheltering parameters in reducing the magnitude of the 
pressures on the sheltered body.
During the course of the present work, the control 
circuitry of an existing instrument used for estimating the 
positions of flow separation and reattachment was designed 
and developed. The control software for this instrument 
together with those of the mean pressure measurement 
apparatus, the pulsed-wire anemometer and traversing 
mechanisms were also developed and utilised.
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CHAPTER 1
INTRODUCTION
1.1 General Introduction
The design of the majority of building structures is 
greatly influenced by environmental effects, most notably 
the loads due to snow and earthquakes. Wind effects, in 
many cases, produce the major part of the environmental 
loading. There are physical evidences of this fact 
throughout centuries as architectural forms all over the 
world were influenced by a qualitative knowledge of the 
wind, Aynsley et al (1977). The rapid progress made in the 
field of fluid dynamics in the last century and advances in 
the theory of aerodynamics in the beginning of the present 
century provided new scope for the theoretical treatment of 
"architectural aerodynamics". Furthermore, the developments 
in design techniques and construction materials, together 
with economical considerations, demanded a new field for 
evaluation of wind effects on structures. This new field, 
termed "wind engineering", was developed from about 1930.
The application of the aerodynamic theory as adopted in the 
aircraft industry to wind engineering gave rise to 
inadequate and misleading information which is still 
present in many building design Codes. The recognition of 
the atmospheric boundary layer by Bailey and Vincent (1943) 
marked the new era of modern wind engineering. In this 
field, wind effects on a structure are evaluated by 
assessing the interaction between meteorological, 
aerodynamic and structural characteristics of a given 
structure. The study of this interaction provides valuable 
additional information on the effects of the structure upon 
the wind itself. Such information on the wake flow is 
essential for the .subsequent assessments of shelter and 
shielding effects.
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The assessment of any wind-structure interaction is
normally carried out by one or more of the following 
methods.
a) Investigation on a full-scale prototype structure in 
the required wind climate.
b) Numerical modelling employing fundamental aerodynamic 
theory and analytical techniques such as K-e and 
Reynolds stress methods.
c) Physical modelling in which dimensionally similar 
models and flow conditions are studied using wind 
tunnel techniques.
There have been numerous full-scale investigations on many 
forms of building structures during the past decade, most 
notably Hoxey and Richardson (1983 and 1984), Robertson and 
Glass (1988), Hoxey (1989), Levitan et al (1989) and Sill 
and Cook (1989). Such investigations produce accurate but 
limited information on already constructed structures. As 
regards the design of a complex building, a full-scale 
study may prove to be an uneconomical approach for
obtaining a limited amount of data. For the design of 
structures with simple geometrical forms, the available 
numerical modelling methods in various computational
programs may yield sufficiently accurate results. The 
majority of these techniques are usually based on 
two-dimensional models providing approximate predictions on 
both the wind loads on and flow field around such a
structure. Any complexity in the building geometry and
approach flow characteristics will require great computing 
power to provide results which, at present, are prone to be 
unreliable for design purposes. The most reliable and 
comprehensive set of information regarding any 
wind-structure interaction assessment may be obtained by 
resorting to wind tunnel studies. Such investigations have 
been carried out over the past three decades, providing 
data for inclusion in various design loading Codes. These
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studies, however, mainly concentrate on sharp-edged, cubic 
or rectangular bodies. The study of the complex features of 
a turbulent boundary layer flow past a three-dimensional, 
highly curved, surface-mounted obstacle requires a 
considerable amount of fundamental research.
Of the several wind tunnel investigations carried out on 
three-dimensional bluff bodies in turbulent boundary layer 
flows, very few workers have studied the influence of such 
flows on low-rise bodies with surface curvature. This fact 
is reflected in all the current Codes of Practice and wind 
loading guides. Moreover, the influence of several 
parameters, such as those of the approaching flow and the 
body geometry and proximity, which are of fundamental 
importance have largely been neglected in the compilation 
process of such Codes. For this reason, the information 
contained in many design Codes are, at present, limited and 
in many cases misleading.
The present work investigates the wind-structure 
interaction of low-rise, semi-cylindrical bluff bodies in 
turbulent boundary layers. Furthermore, the shelter effects 
of windbreaks in flow modification and load reduction are 
examined. The investigation, in the form of wind tunnel 
measurements, provides extensive information on the 
wind-induced surface pressures and wake flow regimes 
associated with such structures. In addition, the influence 
of several parameters on the fundamental results Is 
presented. The scope of the investigation is outlined in 
the following section whilst the final section of this 
chapter describes the format of this thesis.
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1.2 Scope of the Present Work
The work presented in this thesis is intended to provide 
data on the magnitude of wind loads on semi-cylindrical 
bluff bodies immersed in different turbulent boundary 
layers, together with quantitative information in the near 
wake of such structures. The investigation involved several 
series of wind tunnel measurements on single and 
multiple-span, semi-cylindrical models with three types of 
cross-sectional geometry, dimensionally similar to film 
plastic-clad greenhouses used in the agricultural industry.
The information on the loading of the models WcS: provided 
by undertaking mean surface pressure measurements, with 
wake flows being investigated through point measurements of 
the mean and fluctuating velocities. The fundamental 
features of the flow over each model geometry were 
identified in terms of the upstream horseshoe vortex, 
highly curved separated shear layer and near wake 
recirculation region.
As outlined in the previous section, the majority of the 
literature on surface mounted bluff body flows Wfcre 
concerned with sharp edged configurations. For such a given 
geometry, the fundamental aspects of the flow as well as 
the flow-induced loads remain unaltered for a wide range of 
practical Reynolds numbers. In the case of a semi-cylinder, 
on the other hand, the features of the flow are strongly 
dependent upon the Reynolds number. Therefore, in the first 
instance, a simulation approach was adopted to create 
similar flow conditions to those present at the higher 
Reynolds number, full-scale flows. The technique comprised 
of using artificial surface roughness and had been employed 
successfully by other workers. This initiated a preliminary 
parameter study of the use of a strip-roughness. The 
remaining work was undertaken on models with a overall 
distributed roughness.
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In the case of single span models, the experiments were 
designed to provide information on the effects of different 
approach flow characteristics upon the fundamental results, 
namely mean surface pressure distributions and near wake 
flow regimes. In addition, the influence of a linear 
parameter, termed the aspect ratio, and incidence flow 
angle were determined. Shelter parameters were derived for 
models in the wake of solid and porous fences. The results 
of the sheltered models were then compared with those in 
the multiple-span configuration.
The final section of this introductory chapter describes 
the general layout of the thesis and briefly outlines the 
main topics discussed in each chapter.
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1.3 Organisation of the Thesis
The next chapter of this thesis, Chapter 2, reviews the 
existing literature relevant to the present work, 
emphasising the absence of information which are of 
fundamental importance to the understanding of boundary 
layer flows around semi-cylindrical bodies. It begins with 
an account on the fundamental characteristics of uniform 
flow past normal flat plates and circular cylinders. The 
features associated with boundary layer flows over 
sharp-edged bluff bodies and highly curved surfaces are 
then discussed. A review of the boundary layer generation 
techniques in wind tunnel studies is followed by a survey 
of all the available information on boundary layer flows 
around semi-cylindrical structures. Finally, a survey of 
the literature related to shelter and shielding effects is 
given.
Chapter 3 provides details of the experimental apparatus 
and techniques used in the present work. A description of 
the boundary layer wind tunnels and models is followed by 
an account on the use of a dedicated microcomputer for the 
acquisition, analysis and presentation of all experimental 
results. Details are given on the development of an 
interface module for the use of a heated-element probe in 
estimating the points of surface flow separation and flow 
reattachment. Brief descriptions of the main control 
software, developed specifically for the present work, are 
included in all the appropriate sections. A flow 
visualisation technique used extensively in the present 
work is described in the final section.
The programme of research, together with the definition of 
the quantities derived from the experimental results and 
their presentation in the thesis are described in Chapter 
4. The manner in which mean surface pressures and wake 
velocity measurements were undertaken is followed by the
6
method of utilisation and interpretation of the results 
obtained by the use of the separation/reattachment probe.
The discussion on results obtained from the preliminary 
study and the main investigations, together with those of 
the shelter study, are included in Chapter 5.
Finally, the main conclusions arising from the research are 
discussed in Chapter 6, along with suggestions for further 
work in this field.
7
1 -4 Summary
This chapter gave a brief introduction to the field of wind 
engineering. It was noted that only a limited amount of 
information on the subject of wind effects on
semi-cylindrical structures existed and that these were 
often misleading. The importance of a wind tunnel research 
programme to provide a better understanding of the 
fundamental features of the flow was then outlined. In 
addition, the scope of the present work in examining these 
features was described. Finally, the organisation of this 
thesis was outlined by a brief description of each chapter.
The next chapter, then, discusses the existing literature 
relevant to the present work.
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CHAPTER 2
REVIEW OF PREVIOUS WORK
2,1 Introduction
The study of a typical wind-structure interaction is, as 
mentioned in the previous chapter, greatly influenced by 
the characteristics of both the boundary layer flow and of 
the structure. The prominent boundary layer parameters are 
the mean velocity profile and the scale and intensity of 
turbulence, whilst the significant characteristics of the 
structure, as a bluff body, are its physical size and 
geometry. The purpose of the present chapter is to review 
the work undertaken to date on the assessment of the above 
mentioned characteristics.
The first section of this review outlines the relevant 
features of uniform flow past flat plates and circular 
cylinders. The manner in which these features are modified 
in a turbulent shear flow, together with other features of 
flow past two and three-dimensional bluff bodies in 
turbulent boundary layers, are then discussed in the 
ensuing section. Here, a distinction is made between two 
classes of flow-structure interaction. Firstly, the 
boundary layer flows over bodies with flat surfaces and 
sharp edges such as steps, fences and blocks are 
considered. This is followed by a review of the work on 
flows around bodies with two and three-dimensional 
curvature including semi-cylindrical structures.
The work carried out on wind tunnel modelling of the 
atmospheric boundary layer and of a technique to simulate 
high Reynolds number flow conditions associated with 
full-scale structures is then reviewed. Next, a discussion 
on the available full-scale data and loading models for the
9
design of semi-cylindrical structures is given. Finally, a 
brief review is provided on some of the recent work 
undertaken on shelter effects caused by artificial 
windbreaks and building proximity.
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2.2 Uniform flow past flat plates and circular cylinders
The study of basic geometrical objects in uniform flow 
provides an insight into the nature of the prominent 
characteristics of general surface-mounted bluff-body flow. 
Among such assessments, the uniform flow past normal flat 
plates and circular cylinders are the most fundamental and 
the features associated with these flows have been studied 
in great detail by numerous workers. The following sections 
will concentrate on the relevant information from a survey 
of literature on these flow regimes.
2.2.1 Normal flat plates
A thin, sharp-edged, two-dimensional, flat plate facing a 
steady uniform flow constitutes several characteristics 
which remain unaltered for Reynolds numbers greater than 
103. These features are the fixed lines of flow separation 
and the wake area containing the vortex formation region.
Due to the relative simplicity of the flow, as compared, 
for instance, to the flow around a circular cylinder, very 
few workers have concentrated on this topic recently. The 
characteristics of the flow, however, serve to check the 
validity of numerical modelling techniques and to explain 
several features of fluid motion past sharp-edged bodies in 
many branches of engineering.
Fage and Johansen (1927) published one of the first 
detailed studies on uniform flow past a normal 
two-dimensional flat plate. They identified a number of 
vortex shedding characteristics and regions of regular 
velocity fluctuations in the wake of the plate. Strouhal 
numbers and the longitudinal spacing ratio of the von 
Karman street of the plate at several angles of incidence 
were measured. The measured values of Strouhal numbers were
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later confirmed by Tyler (1931). From measurements of the 
vortex spacing and the shedding freguency for a 
two-dimensional normal plate (zero incidence), Hool (1968) 
calculated the longitudinal vortex velocity. The results 
were in agreement with those of Fage and Johansen.
Further studies on the mechanism of the vortex street 
formation were carried out by several workers who noted the 
unstable nature of the shear layers7 interaction. The need 
to prevent oscillation of the wake led to the introduction 
of the splitter or tail plates behind the plate. Arie and 
Rouse (1956) measured the velocity, pressure and turbulence 
behind a normal plate with and without a splitter plate and 
were amongst the first to provide detailed quantitative 
data to distinguish between the two flow regimes. Their 
measurements indicated that with splitter plates a 
significant reduction in the drag and pressure difference 
across the plate is achieved. Furthermore, the length of 
the recirculation bubble was increased.
The separated flow from a normal plate forms a curved free 
shear layer that reattaches onto the splitter plate. In the 
absence of suitable measurement techniques the data from 
the earlier works were mostly qualitative and limited, 
Roshko and Lau (1965), Ranga et al. (1970) and Smits 
(1980,1982).
Ruderich and Fernholz (1986) investigated the flow by 
undertaking extensive measurements of mean velocity, 
Reynolds-shear-stress and Reynolds-normal-stress 
distributions using hot-wire and pulsed-wire anemometers. 
Later, Castro and Haque (1987) carried out a detailed 
investigation of the shear layer and the wake region of a 
normal, flat plate with a central splitter plate using a 
pulsed-wire anemometer. All of the Reynolds stresses within 
this region were measured and compared; with those derived 
from the plane mixing layer theory. The results led to
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conclusions of fundamental importance in the study of such 
flows. It was concluded that the shear layer growth rate is 
significantly different from that of the plane mixing 
layer, being initially rather higher but reducing gradually 
as reattachment is approached, by which time it is 
considerably lower than the plane mixing layer value.
The extent to which the structure of a separated shear 
layer is affected by parameters such as freestream 
turbulence, blockage and end effects have been studied by 
few workers in recent years. Amongst these, Cherry (1982), 
Latour (1983), Kiya and Sasaki (1983) and Nakamura and 
Ozono (1987) studied the influence of the freestream 
turbulence on the separated flow field. In general, it was 
found that the main effect of increasing freestream 
turbulence is a reduction in the length of the separation 
bubble. Kiya and Sasaki (1983) measured a 5% reduction when 
the turbulence intensity was increased from 0.2% to 0.4%. 
The recent work of Jaroch and Fernholz (1989) consists of 
a comprehensive set of measurements in the highly turbulent 
shear layer and in the reversed-flow region of a normal 
plate, with particular emphasis on the three-dimensionality 
effects. Using both hot-wire and pulsed-wire anemometers, 
they carried out similar studies to the earlier 
measurements of Ruderich and Fernholz (1986) and Castro and 
Hague (1987), who concentrated on the centre-line of a 
(nominally) two-dimensional flow. By undertaking 
measurements of skin friction, velocity and Reynolds 
stresses in spanwise direction, Jaroch and Fernholz (1989) 
concluded that the flow is pressure and shear driven and, 
hence, three-dimensional.
13
2-2.2 Circular cylinders
The extensive research carried out on the study of circular 
cylinders has provided a wealth of fundamental information 
on the subject. These investigations have been reviewed by 
several authors during the recent years. Fleischmann and 
Sallet (1981), Cantwell and Coles (1983) and Farell and 
Arroyave (1989) among others, have summarised the studies 
on the features of smooth, two-dimensional circular 
cylinders in uniform flow. Such reviews have shown that the 
flow regime is characterised by the occurrence of 
transitions as the Reynolds number varies. These 
transitions are marked by abrupt changes in significant 
flow parameters such as drag coefficient and vortex 
shedding as illustrated in the following diagram.
critical Transcritical■Subcrit ical Supercr itical
1*2 H
_0.6
0-6
0-3.
Re
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The four types of flow regimes identified by Roshko (1961) 
and Achenbach (1968) are characterised by the nature of the 
cylinder's surface boundary layer development and its 
subsequent separation. Within the subcritical flow regime 
(5xl04< Re< l.SxlO5) the laminar flow separation forms a 
free shear layer producing rolling-up vortices that are 
shed alternately on each side of the cylinder, Gerrard 
(1966). The frequency of the vortex shedding and, hence, 
the Strouhal number, together with the drag coefficient, 
remain constant at 0.21 and 1.2, respectively, in the upper 
subcritical range. The position of the laminar boundary 
layer separation moves forward with increasing Reynolds 
number until the critical condition is reached (Re=1.5xl05) 
when the separation takes place at an elevation angle of 
about 75° , Achenbach (1968), and is followed by the
formation of a turbulent reattaching bubble, Achenbach 
(1968), Bearman (1969).
The later turbulent separation in the critical range 
results in a narrower wake and a rapid reduction in the 
value of the drag coefficient (CD= 0.25 at Re= 4xl05) . There 
are two subranges in the critical regime that have been 
identified. The first subrange (approximately, 1.5xl05< Re< 
3xl05) is marked by symmetric pressure distributions, an 
increasing lack of uniformity along the span and a 
substantial reduction in the drag coefficient. Higuchi et 
al (1989) observed that symmetric and intermittent boundary 
layer reattachments take place in a segmented manner in the 
spanwise direction, forming cell-like structures. The 
periodic and out-of-phase oscillation of the neighbouring 
cells results in large amplitude variations in pressure and 
a weakening of the vortex shedding.
The second critical subrange (3xl05< Re< 4xl05) , is 
characterised by a pronounced flow instability which is 
depicted by the results of Farell and Blessmann (1983>. 
They observed and related the intense flow oscillations to
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the formation and subsequent bursting of the laminar 
separation / turbulent reattachment bubbles on one or the 
other side of the cylinder. The formation of the bubbles 
were intermittent at first, alternating with a no-bubble 
flow pattern, then oscillated from side to side as the 
Reynolds number was increased.
Schewe (1983) who carried out lift and drag measurements 
throughout the subcritical and transcritical ranges, showed 
that asymmetric bistable states existed in the second 
critical subrange. These critical, asymmetric, bistable 
flow configurations have also been detected by Almosnino 
and MacAlister (1984) who conducted flow visualisation 
studies in the critical region.
At the end of the second critical subrange, with Reynolds 
number at around 3.8xl05, the twin-bubble flow regime 
becomes steady, with symmetric pressure distributions and 
drag coefficient and Strouhal numbers of 0.25 and 0.5, 
respectively. Further increases in the Reynolds number give 
rise to a forward shift of the transition to turbulent flow 
and the rear turbulent separation point. The laminar 
separation bubble becomes smaller followed by a widening of 
the wake region and an increase in the drag coefficient to 
about 0.5.
The disappearance of the separation bubble and the 
concurrent reappearance of strong vortex shedding mark the 
beginning of the transcritical regime in which the 
transition to turbulence in the boundary layers occurs 
ahead of the separation, Roshko (1961).
In the transcritical regime, the drag coefficient reaches 
a maximum value of about 0.7 with the Strouhal number 
approaching 0.29. The positions of the boundary layer 
transition to turbulence and the turbulent separation 
become less sensitive to any increase in Reynolds number,
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Bearman (1969), Jones et al. (1969) and Schewe (1983). At 
Reynolds numbers beyond 107 the flow around the cylinder 
becomes fully turbulent and the position of the separation 
point, together with the pressure distribution and the drag 
coefficient, becomes independent of Reynolds number 
provided that the transition to turbulence in the boundary 
layer occurs close to the stagnation point, Farell and 
Arroyave (1989).
The fundamental aspects of the flow around circular 
cylinders, particularly in the critical Reynolds number 
range, are influenced by surface roughness and approach 
flow turbulence. These effects will be discussed in section 
2.4.2.
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2.3 Bluff Bodies in Turbulent Boundary Layers
The interaction of an approaching boundary layer with a 
surface mounted bluff body is discussed in this section. 
For a given body, the prominent characteristics of the 
boundary layer which influence this interaction are the 
shape and size of the mean velocity profile and the scale 
and intensity of the turbulence. The geometry of the bluff 
body is also of fundamental importance. Several workers 
have studied the extent to which these parameters influence 
the flows associated with bluff bodies of various 
geometries. The present section provides a survey of the 
literature on the mechanism of the boundary layer flows 
over bluff bodies with two distinct types of surface 
features, namely sharp edges and curved surfaces.
2.3.1 Sharp edged bodies
This part of the review summarises the recent studies 
carried out on basic two-dimensional flows around steps and 
blocks immersed in turbulent boundary layers. It is, 
however, evident that in contrast to the considerable 
amount of work on backward facing steps and surface mounted 
blocks, very few workers have attempted to investigate the 
turbulent, subsonic flow over two-dimensional 
forward-facing steps.
The fundamental features associated with the flow over a 
two-dimensional, backward-facing step are mainly used in 
the development of numerical techniques. Numerous workers 
have studied the characteristics of the flow by identifying 
such important features as the extent of the recirculation 
and reattachment zones, the separated free shear layer and 
the relaxation region downstream of the reattachment. 
Bradshaw (1975);> Baker (1977), Cheun (1981) and Eaton and 
Johnston (1981) reviewed the results of several workers and
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discussed the discrepancies which exist when comparing the 
data on geometrically similar models. The main conclusion 
from such surveys is that the discrepancies are mainly due 
to variations in approach flow conditions and measuring 
instrumentation. These investigations were largely confined 
to surface pressure measurements and hot-wire anemometry.
Tani et al (1961) were among the first workers to 
investigate the flow over a backward-facing step, using a 
hot-wire anemometer and pitot tubes. They concluded that 
the mean velocity and turbulence intensities within the 
mixing region were largely insensitive to the thickness of 
an approaching laminar or turbulent boundary layer. 
Furthermore, the magnitude of the base pressure was not 
greatly influenced by the upstream boundary conditions. The 
influence of the upstream conditions upon the reattaching 
shear layer was first evaluated by Bradshaw and Wong 
(1972). They identified the manner in which a reattached 
mixing layer at the end of a separation bubble divides and 
examined the effect of the initial boundary layer thickness 
on this division. Later, using hot-wire measurements of 
second and third order products of velocity fluctuations, 
Chandrsuda and Bradshaw (1981) concluded that the effects 
of initial conditions on the mixing layer at reattachment 
were negligible and that the mixing layer begins to change 
rapidly only in the region near reattachment. The results 
showed that the mixing layer bounding the separation bubble 
with a thin initial boundary layer is not greatly different 
from a plane mixing layer with uniform external stream. 
These results were later confirmed by Troutt et al (1984). 
The main conclusion from this and earlier work was that any 
calculation method for dealing with reattaching and 
separating flows should include a complex model for triple 
products, as well as an energy dissipation term near the 
boundary. These terms had not previously been incorporated 
by workers in the field of numerical modelling. >
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The development and utilisation of Laser-Doppler and 
pulsed-wire anemometers in highly recirculating turbulent 
flows has removed the limitations associated with hot-wire 
anemometry in such flow conditions. Denham and Patrick 
(1974) and Etheridge and Kemp (1978) were amongst the first 
people to use the Laser-Doppler technique in their studies 
of flows over backward-facing steps. In addition, Baker 
(1977), Eaton et al (1979) and Cheun (1981) used the 
pulsed-wire anemometer to obtain mean velocity and 
turbulence intensities in the near wake of backward-facing 
steps. These detailed investigations revealed that near 
separation, the line of maximum turbulence intensities 
coincided with the mean dividing streamline, but deviated 
rapidly near the reattachment zone, Baker (1977), and that 
the length of the recirculation region was strongly 
dependent upon the Reynolds number based on the momentum 
thickness of the approaching boundary layer, Eaton et al 
(1979). Furthermore, the lateral size of the separated 
shear layer was found to be influenced by the thickness of 
the approaching boundary layer, Cheun (1981) and Adams et 
al (1984). A recent study undertaken by Isomoto and Honami
(1989) has shown that an increase in the maximum turbulence 
intensity of the flow at separation results in a reduction 
of the size of the recirculation zone. By installing an 
upstream two-dimensional cavity or rod to increase the 
maximum value of the local turbulence intensity from 0.25% 
to 7.4%, the reattachment length was noted to reduce from 
8.21 to 6.28 step heights.
The flow over a two-dimensional, surface-mounted block has 
been studied by numerous workers. Such a bluff body may be 
considered to consist of a combination of a forward-facing 
and backward-facing step. There are two limiting values for 
the distance between the upstream and downstream faces of 
the block; a very small length depicting a fence and a 
large enough length resembling a forward-facing step. The 
fence configuration will be discussed in detail in section
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2.6, whilst the ensuing section describes the work carried 
out on two and three-dimensional blocks.
Detailed experimental measurements in the wake of two and 
three-dimensional blocks were reported by Counihan (1971) 
in order to provide data for testing the validity of a 
theory developed by Hunt and Smith (1969). A hot-wire 
anemometer was used to measure the mean velocity, 
turbulence intensity and turbulent shear stresses in the 
wakes of the models in a simulated atmospheric boundary 
layer. For the two-dimensional block, Counihan found that 
the significant wake effects disappeared at about eighteen 
model heights downstream of the rear face and that the 
maximum Reynolds shear stress occurred approximately half 
a model height above the block and over a distance of up to 
four block heights downstream. These results should, 
however, be treated with caution due to the limitations of 
the hot-wire anemometer.
Other workers examining the two-dimensional flow case 
concluded that the separated shear layer reattached onto 
the top of the block when the value of the length/height 
ratio exceeded about four, before separating again at the 
downstream edge similar to the separation over a 
backward-facing step, Arie et al (1975a,b), Castro (1979) 
and Cheun (1981). Castro (1981) examined the influence of 
the boundary layer thickness upon the position and size of 
the shear layer and concluded that increasing the boundary 
layer thickness/model height ratio results in a thicker 
shear layer that was located nearer the ground plane. 
Similar results obtained by Cheun (1981) illustrated the 
reliability of the pulsed-wire anemometer for measurements 
in recirculating flows.
The flow around three-dimensional, surface-mounted blocks 
or cubes has been investigated by relatively fewer 
researchers. This may be due to the extremely complicated
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and time consuming nature of the measurements and the lack 
of reliable instrumentation. Early work in this field was 
mainly concentrated on the mean surface pressure 
distributions and the influence of approach flow 
parameters, Baines (1963), Castro and Robins (1977), Corke 
and Nagib (1979). It was concluded from these earlier works 
that boundary layer flows, as compared to uniform flows, 
produce lower stagnation and base pressures and higher 
suctions on the top surface. An increase in the thickness 
of the boundary layer or turbulence intensity, it was 
found, would give rise to a further decrease in the
pressures on the upstream face. Akins et al (1977) showed 
a set of well-collapsed surface pressure data in different 
thick turbulent boundary layers using the average velocity 
over the height of the model. Castro and Robins (1977), 
Dianat and Castro (1984) and Hosker (1984) suggested that 
the reattachment of the separating streamline in a 
permanent or intermittent manner can have a major effect on 
the overall surface pressure distribution.
Further experimental studies on the effect of the
characteristics of turbulent boundary layers on the
aerodynamic forces (lift and drag) of three-dimensional 
square-section prisms and cubes were carried out. Both time 
averaged and fluctuating pressure measurements have been 
undertaken by several workers. Amongst these, Sakamoto 
(1985) correlated the mean drag coefficient of a
rectangular prism with the thickness of the boundary layer 
over a range of aspect ratios.
The study of the behaviour of a boundary layer flow around 
a cube has evolved, as mentioned earlier, through the 
advances and refinements of various measuring techniques. 
Woo et al (1977) and Hunt et al (1978) carried out oil-film 
studies to identify the mean surface shear stress patterns 
on both the ground and on the model surface. Smoke flow 
visualisation studies, in combination with experimental
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data, provided the first clear set of information as 
regards the mean flow patterns around a cubic object. The 
diagram below, taken from Hunt et al (1978), illustrates 
the flow patterns around a cube in a boundary layer flow.
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The approach flow separates from the ground plane at a 
certain distance upstream of the body. This distance is 
dependent on the aspect ratio, body height/boundary layer 
thickness ratio and upstream surface roughness. The 
boundary layer vorticity contained in this separated flow 
and the pressures on the upstream surface of the model 
cause a downward flow on the front face, causing the 
subsequent formation of a vortex. This vortex is wrapped 
around the sides of the body into a horseshoe shape. 
Additional vortices, induced by the primary horseshoe 
vortex;, are eventually incorporated into the primary 
vortex. The air at the stagnation region on the front face
23
moves outward towards all front edges and separates from 
them. The separated flow may or may not reattach to the top 
or sides before reaching the back edges, depending on the 
aspect ratio, boundary layer thickness and turbulence 
intensity of the approaching wind. The presence of 
separation cavities or "bubbles" were confirmed on the 
downstream face and on the top and side surfaces where the 
flow reattachment did not occur. More importantly, it was 
concluded that the mean streamlines leading to both the 
rear stagnation points and ground reattachment originate 
from the upstream flow and not at a surface separation 
point. This implies that mass is transformed both into and 
out of the cavities and there are no closed volumes 
associated with separated flows behind three-dimensional 
bodies, Woo et al (1977) and Hunt et al (1978).
Castro and Robins (1977) examined the near wake 
recirculation region of a cube when immersed in a very thin 
boundary layer flow. The reattachment on the wake 
centre-line of 2.5 model heights was found to decrease to 
1.5 heights in a thick turbulent boundary layer with the 
separated shear layer, attaching onto the roof. In 
addition, it was found that increasing the turbulence 
intensity of the approaching boundary layer reduces the 
reattachment length, Ogawa et al (1983). A more general 
examination, together with further description of the 
mechanism of both near and far wake formations, were given 
by Peterka et al (1985) who also confirmed the results of 
earlier workers.
The recent data obtained through accurate point 
measurements of mean velocity and turbulence intensities 
have been useful in the development of numerical modelling 
techniques. The majority of these techniques, however, are 
only applicable to two-dimensional configurations, Counihan 
et al (1974), Durst and Rastogi (1977,-1979) and Ilegbusi 
and Spalding (1983). For example, Laser-Doppler
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measurements of velocity distributions on a two-dimensional 
backward-facing step were carried out by Armaly et al
(1983) over a wide range of Reynolds numbers. The results, 
in terms of velocity profiles, were then compared to the 
solution of a prediction method based on the 
two-dimensional steady equations for the conservation of 
mass and momentum. The two sets of results compared well up 
to a Reynolds number of about 4xl02, based on the step 
height, since beyond this value, the flow in the physical 
experiment was no longer two-dimensional.
Very few researchers have concentrated on the theoretical 
methods to predict the behaviour of a boundary layer flow 
around a three-dimensional obstacle. The first amongst 
these, were Hunt and Smith (1969) who developed a 
momentum-wake theory for the mean velocity deficit in the 
wake flow, assuming that, only small perturbation to the 
boundary layer flow are caused by the body. This theory 
was, therefore, only applicable to the far wake. Peterka 
and Cermak (1977) undertook a set of measurements to verify 
that the velocity deficit did not take place transversely 
as suggested by the momentum-wake theory but were due to 
the presence of the horseshoe vortex.
Having examined the literature concerning the flow over two 
and three-dimensional sharp-edged surface-mounted bodies, 
the following section outlines the work carried out to date 
on flows around surface-mounted curved bodies.
2.3.2 Curved bodies
In this section the literature concerning the flow around 
curved, surface-mounted bluff bodies is reviewed. Such 
flows are more complicated than those considered in the 
previous section. The separation- of the flow from a curved 
surface and, hence, the subsequent development of the wake,
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are highly dependent on the Reynolds number. Therefore, the 
identification of the critical Reynolds number conditions 
in terms of the pressure distribution and wake flow are of 
fundamental importance.
The present review is concerned with two distinct 
categories of curved bodies namely, spherical and 
cylindrical structures. Firstly, the flow regimes 
associated with spherical bluff bodies possessing 
three-dimensional curvature are discussed. A more detailed 
review of the literature concerning the flow around 
cylindrical structures with two-dimensional curvature is 
then provided in the remaining part of this section.
Surface-mounted bluff bodies with three-dimensional 
curvature include spheres, hemispheres and 
hemisphere-cylinders. The flow visualisation studies of 
surface mounted spheres in laminar boundary layers, carried 
out by Mochizuki (1961) and Furuya and Miyata (1972), 
illustrated the generation of the horseshoe vortices and 
their subsequent development into trailing vortices. 
Furthermore, the formation of the periodic arch vortices in 
the inner wake of the spheres were identified. However, 
There has been little significant investigation of 
spherical bodies in turbulent boundary layer flows. Amongst 
these, Okamoto (1979) studied the flow around a smooth 
sphere in a thin boundary layer. The calculated drag 
coefficient (0.63) was found to be greater than that in a 
uniform flow (0.48) at the same Reynolds number, based on 
the diameter, of 4.74xl04.
Hemispheres and hemisphere-cylinders in turbulent flows 
have been studied by several workers. The time-averaged 
pressure distributions on hemispheres or domes were 
examined by Maher (1965 and 1966), Blessmann (1971), 
Taniguchi et al (1982), Newman et al (1984) and Savory and 
Toy (1984, 1986a, 1986b, 1988). The early work of Maher
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(1965) showed that an increase in model height/boundary 
layer thickness ratio from 0.3 to 3.1 increased the 
magnitudes of the positive pressures on the upstream face 
and the peak suction at the top of the models. Furthermore, 
it was noted that using surface-roughened models 
(e/D=0.001) caused very little change in the positive 
stagnation pressure on the upstream face, with a 
considerable decrease in the peak suction at the top and a 
slight decrease in the base suction. Similar results were 
obtained by Blessmann (1971) who further examined the 
influence of turbulence level, power law scaled velocity 
profiles, Reynolds number and model height/boundary layer 
thickness ratio upon the pressure distributions. However, 
due to the variations in several of these parameters with 
each test, their individual influence could not be 
accurately determined. Taniguchi et al (1982) used the wall 
shear velocity of the approach flow to produce 
well-collapsed sets of mean pressure results, establishing 
a relationship between the subcritical pressure 
distributions and the characteristics of the flow. The mean 
surface pressure measurements conducted by Newman et al
(1984) on three hemispheres were undertaken in a deep 
atmospheric boundary layer simulation at a Reynolds number 
of 2. 3xl05. The results, normalised by the wall shear 
velocity, were used in a subsequent computation of 
structural loads.
Savory and Toy (1986a) examined the variation with Reynolds 
number of the surface pressure distributions on rough and 
smooth hemispheres in three boundary layers and illustrated 
that the critical Reynolds number may be decreased by 
applying surface roughness. The critical Reynolds number of 
about 5.7x10* for a rough hemisphere in the thin boundary 
layer was found to be close to that of spheres and 
cylinders with similar surface roughness in uniform flow 
obtained previously by Achenbach (1974) and Buresti (1981):, 
respectively. Furthermore, the values of the centre-line
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pressure distributions in the three boundary layers were 
normalised against the dynamic pressure based on the 
velocity at the height of the models. The well-collapsed 
data were then compared to those of Maher (1965) and it was 
confirmed that the pressures on the smooth model were 
subcritical at a Reynolds number of 1.4x10s while the rough 
model distributions, at the same Reynolds number, were 
similar to that of the simulated, transcritical, Reynolds 
number-independent profiles of Maher. When normalised 
against U*, the pressure data showed good agreement with 
those of Taniguchi et al (1982).
The wake flows associated with spherical structures have 
been examined by few workers. The earliest study is, 
probably, that of Jacobs (1938) who used a pitot tube to 
measure the total pressures at nodes of a three-dimensional 
grid in the near-wake of a hemisphere. While noting the 
curved separated shear layer and the lateral extent of the 
wake, Jacobs was unable to explain the presence of the 
velocity excess along the wake centre-line. Hawthorne and 
Martin (1955) presented a simplified theory based on 
potential flow analysis, ignoring the effects of fluid 
viscosity and flow separation. The results, supported by 
smoke flow visualisation photographs, illustrated that the 
velocity excess was due to the rotation of the vortex lines 
towards the wake centre-line, producing downwash.
The presence of the strong lateral vorticity produced by 
the separated shear layer and its transformation into 
longitudinal direction was later confirmed by Hansen (1976) 
who developed a vortex wake theory to explain the velocity 
excesses and turbulence deficits near the longitudinal 
centre-line in the wake of a hemisphere in a thick, 
turbulent boundary layer. A series of wind tunnel 
measurements of mean longitudinal velocity and turbulence 
intensity was . carried out on three hemispheres in two 
thick, turbulent boundary layers. The results confirmed the
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vortex wake theory. The extensive wake measurements 
undertaken by Savory and Toy (1986a, 1986b) illustrated the 
extent of both the longitudinal and lateral components of 
the vorticity, together with detailed information on the 
influence of the approach flow characteristics, Reynolds 
number and surface roughness upon the wake flow structure. 
Their general scaled diagram of a typical shear layer 
developing in the near wake region is reproduced below. 
Derived from the turbulent shear stress and mean velocity 
profiles, it illustrates that unlike the flow downstream of 
a two-dimensional block, the dividing streamline cannot be 
considered to be the centre of the shear layer. However, 
the positions of the maximum shear in the velocity profile 
might be assumed to be the centre of the shear layer.
V o rtex lo o p s
S h e a r layer 
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Separa tion  line
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By undertaking measurements in three turbulent boundary 
layers, Savory and Toy concluded that an increase in the 
momentum of the approach flow resulted in steeper 
tangential pressure gradients on the surface of the 
hemispherical models which caused the generation of a 
stronger concentration of vorticity at separation. In 
addition, it was noted that an increase in the turbulence
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level resulted in a thicker, more curved shear layer which 
attached earlier than in the case of less turbulent 
approach flows.
Whilst the bluff bodies discussed in the present section 
have so far consisted of predominantly spherical 
structures, the remaining part of this section considers 
surface-mounted bluff bodies with two-dimensional 
curvature. Such structures include vertical cylinders 
(stacks, towers, silos, chimneys and cooling towers) and 
horizontal semi-cylinders (or barrel vaults). The presence 
of sharp edges and curved surfaces results in a combination 
of fixed and Reynolds number dependent flow separation 
regions.
There has been no significant quantitative data on the 
structure of the turbulent flow around vertical cylinders. 
The presence of the horseshoe vortex around such structures 
was detected by Baker (1980) who used smoke and surface 
oil-film to visualise the flow. In addition, the effect of 
cylinder height to diameter ratio upon the vortex shedding 
was investigated by Sakamoto and Arie (1983) who observed 
that for height/diameter ratios of up to about 2, the 
shedding of vortices were simultaneous on both sides of the 
cylinder. At higher ratios, however, the vortices were shed 
from alternate sides.
Most of the research on vertical cylinders has concentrated 
on surface pressure measurements. Numerous studies have 
been made on the influence of flow turbulence, Reynolds 
number and surface roughness, Gould et al (1968), Okamoto 
and Yagita (1973) and Tanigushi et al (1981). The data 
obtained from such investigations were incorporated in ESDU 
80025 (1980) and ESDU 81017 (1981) for two and
three-dimensional cylinders, respectively.
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More recent studies of the distribution of surface 
pressures on the roof of vertical cylinders have been 
carried out to obtain a more accurate and, in almost all 
cases, non-conservative, design loads. The influence of 
height/diameter ratio on the roof pressures were 
investigated by Holroyd (1983) who carried out flow 
visualisation studies in a scaled atmospheric boundary 
layer. While observing the separation bubble and the flow 
reattachment onto the roof, it was noted that for 
height/diameter ratios of up to 0.5, the linear dimensions 
of these features, together with the roof pressure 
distribution, remained proportional to the height. For 
higher ratios, the proportionality was found to be related 
to the diameter of the cylinder. The same behaviour has 
been observed during the studies on slenderness ratio 
effects of cubic bodies, Castro and Dianat (1983). Yoshida 
and Hongo (1983) used this similarity to propose that the 
pressure distribution on the flat cylinder roof could be 
deduced directly from the distribution on a cube of the 
same height.
The study of wall pressure distributions on vertical 
cylinders has been closely linked to investigations on 
cooling towers. Although strictly a three-dimensionally 
curved structure, a cooling tower may be considered to be 
a vertical cylinder with a continuously varying diameter. 
A comprehensive review of research concerning mean and 
fluctuating surface pressures was provided by Farell et al 
(1976). The earlier work of Armitt (1968) showed that 
increases in surface roughness or in the freestream 
turbulence level reduced the peak suction at the throat for 
a Reynolds number range of 7.4xl04 to 3.9xl05 and a 
roughness Reynolds number of 6xl02. Beyond this range, it 
was suggested, the pressure distribution becomes 
independent of freestream turbulence and surface roughness. 
Hence,, the results from a model with roughness Raynolds 
number of about 103 would be similar to those of the
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full-scale case. The Reynolds number dependency of the 
surface pressure distributions were, however, found to be 
valid in transcritical flow conditions, Niemann (1971). 
Thick boundary layer flows with higher freestream 
turbulence further emphasised the Reynolds number 
dependency, Propper and Welsch (1979) and Sun and Zhou 
(1983).
As in the case of other surface mounted bluff bodies with 
surface curvature, the flow around horizontal 
semi-cylinders or barrel vault structures has received very 
little attention. The only notable published data are those 
of Sakamoto et al (1977) and Toy and Fox (1984) who 
produced limited information concerning profiles of mean 
longitudinal velocity and turbulence intensity on the 
near-wake centre-line of semi-cylindrical models. The 
results illustrated the streamwise extent of the 
recirculation region for two and three-dimensional rough 
models in smooth, turbulent boundary layers.
The earliest set of detailed information on surface 
pressure distributions for semi-cylindrical bodies was 
published by ASCE (1936). The results, presented as a 
committee report, included data that were based on several 
studies undertaken prior to the thirties. These studies, as 
mentioned earlier, were carried out in uniform flows and 
were the basis for many design Codes (See section 2.5.2).
The work of Chien et al (1951) was probably the first 
tentative investigation of mean surface pressures over 
semi-cylindrical bluff bodies. They presented 
time-averaged, external, surface pressure coefficients for 
models of aspect (L/H) ratios of 1, 2, 4 and 8 at a
diametrical Reynolds number of 2xl05. The test 
configurations were such that the models were mounted on a 
ground plane in the freestream just outside the working 
section boundary layer. While appreciating the effects of
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a shear flow upon the pressure distributions, Chien et al 
attempted to simulate a flow condition in which the 
distributions would be similar to that of a rough 
two-dimensional cylinder. To this end, they used a 
combination of a turbulence generating grid, 
sand-surface-roughened models and a trip wire. The results 
were recognised to be conservative but were justified as 
being suitable for design purposes.
Further studies on the Reynolds number effects were carried 
out by Sakamoto et al (1977) who found that for a smooth, 
two-dimensional model in a thin boundary layer, increasing 
the Reynolds number up to a value of 2x105 results in a 
decrease in the value of the overall drag coefficient. 
Similar conclusions were drawn by Wong (1981) who 
successfully incorporated the surface roughness approach to 
obtain a minimum value for the drag coefficient at a 
Reynolds number of approximately 5x104. The work of Wong 
included the measurements of mean surface pressures for 
models of two height/diameter ratios immersed in two 
(smooth and rough) boundary layers.
Other workers, namely Ng (1983), Kawamura and Kiuchi
(1985), Johnson et al (1985) and Ogawa et al (1989) have 
presented similar mean centre-line pressure data for a 
barrel vault in a thick boundary layer flow. Amongst these, 
Ng carried out an extensive investigation of external and 
internal, mean and fluctuating surface pressures on 
semi-cylinders with four height/span ratios in two 
turbulent boundary layers. The effect of wind direction on 
the peak pressures at different Reynolds numbers 
illustrated the Reynolds number dependency of the structure 
in a cross flow. The work of Ng was further extended for a 
greater range of Reynolds numbers by Johnson et al (1985) 
who compared the time-averaged data taken at Reynolds 
numbers of up to 4.75xl05 to those available from the 
full-scale tests, section 2.5.1.
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To date, research on numerical modelling of the flow around 
surface-mounted bluff bodies with surface curvature has 
largely been neglected. However, there has been an increase 
in the amount of reliable and relevant experimental data 
concerning such flow configurations. The advances in 
computational speed and storage facilities have made 
possible the implementation of theories for solution of 
curved, surface-mounted bluff-body problems. A numerical 
investigation of boundary layer flows over a 
two-dimensional semi-cylinder, conducted by Mathews and 
Meyer (1987), provided information on the magnitude of the 
mean centre-line pressure distributions at several Reynolds 
numbers. The high Reynolds number results were found to be 
in good agreement with the full-scale data of Hoxey and 
Richardson (1984). Also, it was concluded that in the lower 
Reynolds number range the data were inaccurate, largely due 
to the ineffective size of the grid in the solution domain. 
However, the results presented by Mathews and Meyer are 
questionable since the upstream horseshoe vortex was not 
incorporated in the modelling of the flow and the data were 
found to be insensitive to Reynolds number.
More recently, a numerical study of domes was undertaken by 
Tamura et al (1989). Both time-averaged and fluctuating 
surface pressures as well as instantaneous wake data were 
obtained by direct integration of the three-dimensional 
Navier-Stokes equations. It was shown that the 
time-averaged pressure data agreed well with those 
presented by Savory (1984). The analysis of the 462800 
noded domain necessary for the accurate solution of the 
problem, however, required access to a Cray Supercomputer.
A numerical parametric investigation of mean surface 
pressure coefficients on a rectangular body with a low rise 
vault roof illustrated the effects of span, rise, height 
below vault and length of the structure, Holmes and 
Paterson (1992). A survey of the other numerical results
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emphasises the need for reliable experimental data on the 
actual flow around structures with surface curvature.
From the work reviewed in the present section it is clear 
that whilst there have been numerous sets of experimental 
data on the subject of sharp-edged surface-mounted bluff 
bodies, there has been very limited information on the 
topic of wind-structure interaction concerning bodies with 
surface curvature. In particular, no work has been 
undertaken to provide information regarding the near wake 
of semi-cylindrical structures in turbulent boundary 
layers.
In the next section of this chapter, a review is given on 
the generation of wind tunnel boundary layers. In addition, 
the literature concerning the surface roughness approach to 
the simulation of high Reynolds number flows around curved 
bodies will be reviewed.
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2.4 Wind Tunnel modelling
The precise wind tunnel modelling of a structure in a given 
atmospheric boundary layer flow is implemented by 
satisfying a set of requirements. In the study of 
time-averaged features of the flow, these requirements are 
limited to those of Jensen's scaling law which states that 
"each non-dimensional flow parameter must be the same in 
both the model and the prototype conditions", Jensen 
(1958). These requirements are almost impossible to satisfy 
due to the practical limitations in a typical modelling 
process. In practice, the simulation of the full-scale 
conditions is carried out by the generation of a boundary 
layer which satisfies the scaling laws in terms of linear 
similarity.
The first part of the present section reviews the 
development of various techniques that have been employed 
to simulate the atmospheric boundary layer in wind tunnel 
investigations. The simulation of high Reynolds number 
flows at lower Reynolds numbers in the study of flows 
around surface-mounted, highly curved bluff bodies is then 
discussed in the second part of this section.
2.4.1 Boundary layer generation
The development of boundary layer simulation techniques has 
been taking place since the realisation of building 
aerodynamic problems in the early sixties. The 
indiscriminate use of aeronautical measurement facilities, 
including the wind tunnels, in building aerodynamic 
problems was continued from 1930 to about 1960, Irminger 
and Nokkentved (1936) and Chien et al (1951). The data 
regarding the forces on buildings are still in some current 
Codes of Practice. Baily and Vincent (1943) were the first 
people to recognise the existence and influence of the
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boundary layer by conducting a series of tests on wind 
tunnel models in both uniform and boundary layer flows. The 
scaling laws of Jensen (1958) provided a set of guidelines 
for the adoption of wind tunnels for building aerodynamic 
problems. Consequently, long wind tunnels began to be 
constructed, Cermak (1958) and Davenport and Isyumov 
(1968), in which boundary layers were generated naturally 
along the floor with roughness elements scaled to the 
terrain.
The slow growth of the natural boundary layer in such 
tunnels restricted model scales to a value of about 1/500. 
In order to achieve larger scales, additional artificial 
thickening were found to be necessary. Furthermore, the 
limited resources of many researchers resulted in the use 
of shorter tunnels with complete artificial methods for 
boundary layer simulation. Amongst these, Owen and 
Zienkiewicz (1957) and Elder (1957) used a grid of 
differentially spaced rods and curved gauze screen, 
respectively, to produce uniform sheared velocity profiles. 
Such techniques were employed specifically with 
aeronautical wind tunnels of short working sections. These 
attempts to simulate the mean velocity profiles were 
reviewed by Lawson (1968) who concluded that such methods 
were not suitable for producing and maintaining the 
turbulence level required in a building aerodynamic study.
Further work on atmospheric boundary layer generation 
continued until it was recognised that a long fetch of 
roughness was required to produce a profile in which the 
mean flow and turbulence were generally in equilibrium with 
the underlying surface, Frank (1963) and Davenport and 
Isyumov (1967). Other techniques employing passive devices 
such as fences, grids or spires for turbulence generation, 
together with roughness elements were also developed in 
shorter wind tunnels. Armitt and Counihan (1968), for 
example, used a series of turbulence generators and a fence
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upstream of a fetch of roughness to accelerate the 
development of boundary layer. From a series of tests 
conducted on the influence of the physical shape of the 
vorticity generators, Counihan (1969) concluded that a good 
simulation of rural and urban boundary layers could be 
achieved. The power law exponents derived from his work 
were in good agreement with those of the corresponding 
natural atmospheric boundary layers, Counihan (1972).
Other methods of boundary layer generation in wind tunnels 
were also developed in which active devices such as jets or 
mechanical flaps could produce the required profile, 
Teunissen (1975), Hunt and Fernholz (1975) and Nagib et al 
(1976). In jet tunnels, the mean velocity profile and the 
turbulence length and intensity may be varied independently 
of each other, Hunt and Fernholz (1975), to simulate the 
required boundary layer.
The increasing use of passive devices such as barrier and 
vorticity generators have continued during the recent 
years. However, Cook (1973) used a turbulence generating 
grid upstream of a fence together with a fetch of roughness 
to simulate the lower third of the urban boundary layer. 
Later, he conducted further studies using combinations of 
different types of grids, barriers and roughness fetches 
and concluded that the best simulation is obtained by 
developing the boundary layer naturally, Cook (1978).
Other workers developed and/or used similar simulation 
techniques, Stathopoulos and Surry (1983), Holmes and 
Osonphasop (1983) and Roy and Holmes (1988), among others. 
Discrepancies between some of the recent wind tunnel and 
full-scale results on fluctuating quantities have 
emphasised the importance of correct simulation procedures, 
particularly in the modelling of the scale and intensity of 
the turbulence. However, as far as the measurements of 
time-averaged pressures and velocities are concerned, the
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choice of mixing devices in the simulation of the lower 
part of the atmospheric boundary layer has proved to be 
satisfactory, Tieleman (1989).
2.4.2 High Reynolds number flow simulation
The position of flow separation on curved structures is 
controlled by the manner in which the boundary layer 
develops on the curved surface and is dependent on the 
Reynolds number. The example of the flow around a circular 
cylinder was described in section 2.2.2 which outlined the 
four types of flow regimes associated with the cylinder in 
a uniform flow. The Reynold number at which the transition 
to turbulence of the laminar boundary layer occurs 
identifies the critical condition ending the subcritical 
range. Therefore, in the subcritical regime, an earlier 
transition to turbulence results in a lower critical 
Reynolds number. By increasing the surface roughness and 
subsequent thickening of the boundary layer over the 
cylinder, the early transition can take place. This general 
behaviour extends to all structures with curved surfaces.
In addition, an increase in the turbulence level of the 
approach flow results in a similar movement of the 
transition point. This concept has been studied extensively 
by numerous workers, Fage and Warsap (1929), Taylor (1936), 
Bearman (1968) and Surry (1972), who confirmed that the 
drag of bodies of revolution is affected by both the scale 
and intensity of approach flow turbulence. The results of 
these researchers and others have been used to compile the 
Engineering Science Data Unit item number 80025 (1980)
which provides data on single cylinders in a crossflow.
The influence of surface roughness on the drag of a 
circular cylinder was first investigated by Fage and Warsap 
(1929) who-noted a systematic change in the value of drag -
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coefficient with a change in cylinder surface roughness, as 
shown below.
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The first detailed discussions on the actual flow mechanism 
around a rough cylinder were given by Achenbach (1971), 
Batham (1973) and Szechenyi (1975) and more recently by 
Guven et al. (1980), Buresti (1981). The general 
conclusions from their work was that, for a given Reynolds 
number, the value of the drag coefficient in the 
supercritical and transcritical regimes increases with 
surface roughness. Lawson (1982) stated that the pressure 
distribution around a circular cylinder at high Reynolds 
number can often be simulated by a model at a lower 
Reynolds number provided that a unique value of surface 
roughness is used. In transcritical regime, however, the 
cylinder roughness downstream of the transition point 
retards the turbulent boundary layer and leads to earlier 
separation and higher drag coefficients. Nakamura and 
Tomonari (1982) observed this behaviour and obtained a 
transcritical simulation at lower Reynolds numbers by using 
a roughness strip, as shown below;
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Further work of Farell and Arroyave (1989) who conducted 
surface pressure measurements to study the transition range 
of a uniform flow around a rough cylinder, showed a similar 
flow behaviour to that of a smooth cylinder in a higher 
Reynolds number flow.
The concept of the surface roughness approach in simulating 
the high Reynolds number flow conditions was applied to 
surface-mounted highly curved bodies by several workers. 
Armitt (1968) and Farell et al. (1976), for example, 
investigated the flow around rough-walled cooling tower 
models while Wong (1981) studied the pressure distribution 
of smooth and surface roughened semi-cylindrical models. By 
surface roughening the model with sand, to give a roughness 
diameter/model diameter ratio (e/D) of 0.004 to 0.007, Wong 
was able to reduce, from 2xl05 to 6xl04, the value of the 
critical Reynolds number in a thin turbulent boundary 
layer. The same trend occurred when similar models with a 
smooth or a rough (e/D= 0.007 to 0.013) surface were 
immersed in smooth and rough boundary layers. In a similar
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manner, Savory (1984) noted a critical Reynold number of 
5.7xl04 for a rough dome (e/D= 0.01) in a thin boundary 
layer, whilst an identical smooth model was found to be in 
the subcritical range at a Reynolds number of l.4x10s.
This simulation technique is, however, limited to cases 
where the wake flow is not influenced by sharp-edged flow 
separation. The fixed separation points on the top and 
bottom rings of a cooling tower and on the ends of a 
semi-cylinder in a cross flow, for example, result in 
pressure distributions which are unaffected by the surface 
roughness at a given Reynolds number.
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2.5 Wind Loading of Semi-Cvlindrical Structures
As mentioned previously, the early wind engineering 
research at model scale was mainly carried out on basic 
structural forms in smooth uniform flows. With the 
introduction of the model-scaling laws by Jensen (1958), 
workers began to study the consequence of the atmospheric 
boundary layer flows through full-scale investigations. 
Furthermore, extensive work was undertaken on the process 
of physical modelling and on the comparison of model test 
results with those of the available full-scale studies. 
Consequently, the accumulated data were analysed to provide 
designers with wind loads in terms of simplified loading 
models for basic as well as complex structures.
The following sections review the literature concerning the 
full-scale investigations on semi-cylindrical structures. 
The introduction of the available loading models and their 
implications during the design process is discussed, 
together with the relevant data in the current Codes of 
Practice.
2.5.1 Full-scale investigations
Measurements of wind induced forces and displacements on 
engineering structures had been undertaken well before the 
advent of modern wind engineering. A list of significant 
experiments dating as far back as 1884, was given by Cook
(1990) who also noted the important advances in measurement 
techniques and methods of analysis of the full-scale data. 
Apart from specially commissioned full-scale tests carried 
out on complex structures it is evident, from the survey, 
that numerous workers have concentrated on only few classes 
of structures, namely; tall buildings, bridges and cooling 
towers. Low-rise buildings were largely neglected until the 
second half of the seventies when it was realised that
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"benchmark" data were needed for implementing a unified 
wind tunnel modelling approach.
The most notable full-scale studies on low-rise structures 
were the measurements of surface pressures on a two-storey 
house at Aylesbury, England, Eaton and Mayne (1975) and 
Eaton et al (1975), a canopy roof structure, Hoxey et al 
(1981) and film plastic semi-cylindrical greenhouses, Hoxey 
and Richardson, (1983 and 1984). More recently, fully 
instrumented, purpose built, single storey test structures 
have been built for more extensive studies. These are the 
Silsoe Structures Building, Robertson and Glass (1988), 
Hoxey (1989) and the Texas Tech Structure, Levitan et al 
(1989). Both structures are rectangular in plan with roof 
pitch angles of 10 and 2 degrees, respectively. The results 
of these investigations, in the form of mean and 
fluctuating surface pressures, are currently being used in 
comparative analysis of wind tunnel test data.
Amongst the above mentioned studies, the work undertaken by 
the AFRC research team on the greenhouses at Silsoe, 
England, provide the only reliable set of full-scale data 
concerning surface pressures of semi-cylindrical 
structures, Hoxey and Richardson (1984). The results 
included detailed information on surface pressure 
distributions of single and multi-span, semi-cylindrical 
structures of three types of cross-sectional geometry (six 
test cases in all). The tests were, however, limited to the 
case of the single terrain, fixed building dimensions and 
restricted flow parameters (speed and direction).
The only other existing sets of full-scale data concerning 
the surface pressures of semi-cylindrical structures are 
those of Akron Airship Dock, Arnstein and Klemperer (1936) 
and an inflatable structure in France, Grillaud (1981). 
Both of these structures consist of a circular 
semi-cylinder with hemispherical ends. A comparison of the
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centre-line pressure coefficients of these two buildings 
and that of the greenhouse structure for a cross-wind was 
carried out by Johnson et al (1985). Whilst the results of 
the inflatable structure were akin to those of the 
greenhouse, the data from the Akron Airship Dock was only 
partially in agreement. This was due to the cross-sectional 
geometry of the Airship Dock which did not follow a perfect 
circular arch.
Having reviewed the available literature on the full-scale 
investigations of the semi-cylindrical structures, the 
existing loading models suggested for the design of such 
structures will be discussed in the next section.
2.5.2 Loading models and relevant data in Codes of Practice
The first tentative loading model for curved roofs was 
proposed by Smith in 1914, Ng (1983), who produced data 
from measurements in uniform flow. The loading model 
provided mean values of pressure coefficients within three 
zones (windward quarter, central half and leeward quarter) 
of structures with different rise/span ratios. Later, in 
1924, The Standards Committee of the USSR proposed a 
loading model which suggested pressure coefficients for 
central and leeward zones, substantially the same as those 
given by Smith's model. The values of the windward 
pressures were, however, in poor agreement.
Having compared the two loading models, the Structural 
Division of ASCE (1936) proposed the following model:
Windward quarter: Cp= 1.4r
Central half: Cp= -r-0.7
Leeward quarter: Cp= -0.5
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where r is the rise/span ratio. The following diagram 
illustrates the graphical representation of the above model 
together with those proposed by the USSR Standards.
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The ASCE (1936) model forms the basis of the American Code 
ANSI (1982) which recommends the use of the proposed values 
in conjunction with the conventional terrain and gust 
factors. Amongst the Codes of Practice providing wind loads 
on structures, very few have presented data regarding the 
loads on semi-cylinders. The supplement to the British 
Code, Newberry and Eaton (1974), for example, provides 
limited information on horizontal semi-cylinders mounted on 
side walls. A comparison between the external pressure 
coefficients given by the design Codes of various countries 
was given by Wong (1981). The inherent inaccuracies of such
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data may be realised by making comparisons with wind tunnel 
test results as shown in the diagram below.
p(lcN/B2)
basic wind 
speed 40r»/sec.
0.6
H/S *0 .5
0.4
0.2
0.0
120 150 180
-0.2
-0.6
-0.
1____'
Wind tunnel tests
American code
 2_
Australian code 
(Terrian  category 2)
 1_
Austra1ian code 
(Terrian  category 3)
In a more detailed loading model, proposed by Ng (1983), 
two groups of structures with various rise/span ratios were 
considered for two loading classifications, namely local 
and overall structural loads. The data are based on the 
measurements of peak pressure coefficients incorporating 
the gust factor, Cg, undertaken at a low Reynolds number 
(2xl04). The following diagrams illustrate the two loading 
models in the form of the measured peak values as a product 
of the mean pressure coefficient and the gust factor, 
corresponding to the two classifications. By comparing his 
loading model to the most accurate data available, namely
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the ANSI code, Ng concluded that the currently accepted 
design values overestimated both the local and the overall 
loads.
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The most recent set of loading data for horizontal 
semi-cyibinders has been presented in the newly published 
BRE Guide, Cook (1990). The suggested data are for
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structures with rise/span ratios of 0.5 or less and for 
wind directions within 45 degrees of normal to the axis. It 
is recommended that the surface pressures should be taken 
as the same as the distribution, given in the Guide, over 
the centre-line of a hemispherical dome of the same 
rise/span ratio. Although not conclusive, the suggested 
data represents the only set of information, published in 
the UK, on the design loads of horizontal semi-cylinders 
rising from the ground. Indeed, whilst the new UK wind 
loading code, BS6399 (1991), does not contain any 
information on wind loading of semi-cylindrical structures, 
the Designers Guide, Cook (1990) is suggested as an 
alternative source for such information.
The following Table gives a comparison of the mean, 
centre-line pressure coefficients as given by various 
loading models;
Country Code
Windward
Quarter
Central
Half
Leeward
quarter
USA ANSI 0.70 -1.20 -0.50
Australia AS1170 0.70 -1. 20 -0.50
USSR BC&RII 0.70 -1.20 -0.40
India IS875 0.48 inLO01 -0.40
UK Designers
Guide
0.60 -1.10 -0.20
The above comparative study together with those of Wong 
(1981) and Ng (1983) illustrate the lack of accurate 
information in the current Codes of Practice. It is evident 
from such studies that even by estimating the values of 
peak and mean pressures in simulated boundary layers, the
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underlying trends of Reynolds number effects are not fully 
understood.
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2.6 Shelter Effects
The use of wind shelters is a common practice in order to 
provide protection for people, plants, animals and man-made 
structures. The role of a typical shelter is to create a 
zone in which a particular aspect of wind damage is 
suppressed or restrained. Reduction in the approaching wind 
velocity, obstruction of airborne particles and restriction 
of the flow within the shelter zone are amongst the 
applications of a wind shelter.
Shelter barriers or windbreaks are generally classified as 
either natural or artificial, depending on their nature. A 
natural windbreak is formed from vegetation such as trees, 
shrubs and other plants while an artificial shelter is 
usually a fence designed and constructed for a specific 
application, as outlined above. The main application of 
natural wind shelters is in the field of agricultural 
engineering where crop protection and soil erosion are the 
prime concerns. Artificial windbreaks, used in many 
disciplines, represent a more controlled way of providing 
shelter zones.
The first part of the present section reviews the 
literature concerning the wind flow around and/or through 
artificial windbreaks. In the second part, building 
proximity effects on the overall loading are discussed.
2.6.1 Artificial windbreaks
The precise mechanism of flow past a fence, studied by 
numerous workers, has shown that the performance of such 
fences is defined in terms of the size of the shelter area 
and the nature of the flow within it. These are both 
affected by many parameters such as porosity, and size and 
geometry of the fence. The most important factor is the
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size and type of the porosity (ratio of open to total area) 
of the fence.
An impermeable barrier placed on ground plane in a wind 
flow exerts a drag force on the flow, resulting in a loss 
of momentum. The oncoming air is forced over top of the 
barrier. A strong vertical velocity gradient is then 
produced between the accelerated flow and the almost still 
air immediately behind the barrier. The resulting gradient 
causes flow separation, bounding a recirculating bubble, 
and the formation of large, turbulent eddies in the near 
wake of the fence. With porous barriers, a portion of the 
upstream flow passes through as bleed flow. An increase in 
the porosity results in an increase in the bleed flow 
velocity and a decrease in the acceleration of the flow 
over the barrier. The reduction in the velocity over the 
top of the fence decreases the vertical velocity gradient, 
producing lower shear and, consequently, lower values of 
turbulence intensities. Increasing the porosity results in 
the displacement of the recirculation zone further away 
from the barrier up to a point where no more reverse flow 
takes place. Within this range, as the porosity increases, 
the wind speed reduction decreases but the size of the 
sheltered zone increases. An optimum combination of 
velocity reduction, turbulence generation and shelter zone 
dimensions is, therefore, required for a given application. 
Other parameters, such as the fence dimensions, geometry 
and orientation with respect to the object to be protected, 
may also have different optimal values.
The investigations in this field include full-scale and 
wind tunnel experiments, as well as numerical simulation of 
the shelter flow. In almost all cases the need for 
introducing a single fence parameter defining the shelter 
flow characteristics has been recognised.
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The first full-scale study of the flow downstream of a 
shelter belt was carried out by Jensen (1958) who measured 
the mean velocity reductions at a certain point behind a 
number of shelters. Though limited to the mean velocity 
distributions, the results provided an insight into the 
understanding of shelter flow problems. The most important 
conclusion from this work was that windbreaks of identical 
porosity ratios would give different shelter flows for 
different types and geometries of porosity.
Further field measurements behind artificial windbreaks 
were conducted by Hagen and Skidmore (1971), Seginer (1975) 
and Bradley and Mulhearn (1983) in order to obtain optimum 
values for each of the proposed shelter parameters. For a 
fence of height h, the data from these investigations 
indicate that at a height of 0.5h, an effective windbreak 
should give a mean velocity reduction of 50% up to lOh 
downstream, 20% up to 2Oh downstream and a maximum 
reduction of 70%-80% over lh to 5h downstream. Such 
conclusions, although limited to the specific full-scale 
test conditions, have been of considerable use in the wind 
tunnel investigations that have been carried out to date.
A review of the results of both the full-scale and wind 
tunnel investigations of windbreaks was given by Raine and 
Stevenson (1977). It was noted that both sets of results 
indicate that with increasing windbreak porosity, there is 
a lesser reduction in mean velocity and a lower turbulence 
intensity in the near wake, but a slower recovery to the 
upstream condition in the far wake. Furthermore, Raine and 
Stevenson measured the longitudinal mean velocity and 
turbulence intensity profiles in the shelter zones of 
fences of four porosities, using hot-wire anemometers. 
Comparisons of the measured data with those available from 
full-scale studies were shown to be in good agreement. A 
set of equations were subsequently proposed relating
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turbulence intensity and relative mean velocity in the 
shelter zone.
The extensive wind tunnel studies of Gandemer (1979, 1981) 
on windbreak porosity, size, geometry and end-conditions 
resulted in the definition of a comfort factor defined as 
the ratio of the sum of the mean velocity and one standard 
deviation of the velocity at a sheltered point to that at 
a reference point upstream; [f= (Uref+aref)/(I ul ref+aref) ]. It 
was, however, concluded that the optimum windbreak 
configuration for a specific application does not
necessarily produce the optimum comfort parameter.
Using a pulsed-wire anemometer, Perera (1981) carried out 
extensive wind tunnel measurements of velocity and
turbulence intensity profiles in the wake of
two-dimensional porous fences immersed in a simulated rural 
atmospheric boundary layer. Comparisons with several 
results from a hot-wire anemometer, undertaken by the same 
worker, showed the limitations of the hot-wire probe when 
used in highly turbulent, and sometimes recirculating 
flows. By measuring the velocity and turbulence intensity 
profiles in both the near and far wakes, Perera concluded 
that the single most important parameter influencing the 
wake flow is the porosity of the fence. It was reported 
that as the porosity was increased, the distance between 
the recirculation bubble and the fence increased with the 
bubble becoming smaller. Above a porosity of about 30%, the 
bubble could no longer be detected. In general, no unique 
optimum shelter parameter could be derived in terms of a 
porosity ratio.
While noting the inadequacy of the porosity ratio as the 
only fence parameter for determining the wake flow, several 
workers attempted to derive a fence parameter incorporating 
a relationship between the fence porosity and drag 
coefficient. Amongst the early investigators, Castro (1971)
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studied this relationship for porous strips by undertaking 
velocity traverse and direct methods in the measurement of 
total drag on the strips. Later, the resistance 
coefficient, Kr, defined as the ratio of the measured static 
pressure change across the fence to the dynamic freestream 
pressure, was related to the porosity, Wilson (1985) and 
Richards (1986).
The resistance coefficient has been used in the majority of 
the numerical modelling investigations. Hagen et al (1981) 
investigated the flow field associated with a 
two-dimensional fence of different porosities. Using a K-e 
model and by including a fitted velocity profile in the 
near-lee as a boundary condition, they found good agreement 
with measured data for fences of 20, 40 and 60% porosity. 
Other numerical predictions of shelter flows carried out by 
Wilson (1985) and Richards and Miller (1987) have generally 
shown good agreement with the corresponding field and wind 
tunnel results. A common inaccuracy in predicting the 
accelerated flow over the top of the windbreaks was, 
however, noted by these workers.
The above review has briefly illustrated the progress made 
in understanding the shelter effects in the last two 
decades. The physical consequence of placing a structure in 
a shelter zone and an appraisal of the influence of shelter 
parameters on the wind loads are yet to be investigated. 
One such investigation, carried out at full-scale, provided 
limited information concerning wind load reduction on a 
semi-cylindrical greenhouse structure, Richardson (1986). 
A shelter factor was proposed as the ratio of the maximum 
loads for the sheltered and unsheltered structure.
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2.6.2 Building wake interference
The effect of a wind-structure interaction on any downwind 
building, a form of shelter effect, is an important part of 
a safe and economical design of a group of building 
structures. A building may be shielded from the wind by an 
upstream structure because the mean speeds in the wake of 
the upwind building are less than the incident wind. In 
most cases, shelter is afforded to the downwind structure 
in terms of lower mean pressures and loads. However, the 
flow between a pair of upstream structures will be 
accelerated to form a jet between their wakes. Any 
downstream structure in this jet will experience "negative 
shelter" in terms of increased pressures and loads. 
Furthermore, a wake flow normally contains turbulent eddies 
of higher frequency (smaller size) than the incident flow 
which may give rise to the phenomenon of wake buffeting.
Several workers have studied the effects of grouping on the 
loading of building structures. The majority of these 
investigations concern high rise buildings. The present 
section provides a brief survey of recent investigations on 
shelter effects of low-rise structures.
The most comprehensive study on the flow around an array of 
cubical buildings, simulating a suburban area of houses, 
was undertaken by Hussain and Lee (1980). By measuring the 
mean surface pressures of individual buildings in two 
regular and staggered arrays, it was possible to examine 
the effects of building spacing, height/width ratio, 
length/width ratio and the flow direction on the loading of 
the individual structures. The influence of these 
parameters was later summarised and presented by Lee (1989) 
as a set of useful design aids. The investigation 
identified three distinct flow regimes, depending upon the 
spacing. In the "isolated flow" regime, the buildings are 
sufficiently far apart that each acts in isolation. A
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horseshoe vortex forms around each building and the flow 
reattaches to the ground behind the near-wake recirculation 
bubble before the next building is reached. Therefore, the 
spacing is greater than the sum of the upwind separation 
and downwind reattachment distances. The shelter in this 
case was found to be small and the forces on each building 
similar to the values for an isolated structure. By 
reducing the spacing to a sufficiently low value, a 
"skimming'1 flow regime could be detected. This type of flow 
is characterised by the formation of a stable vortex 
between the buildings and a skimming flow over the roofs.
The shelter effects were noted to be large. An intermediate 
value for spacing produces the "wake interference flow" 
regime, representing a state between the isolated and 
skimming flows. In this flow regime, the space for the full 
development of the recirculating bubble is not sufficient.
On the other hand, the spacing is too large for a stable 
vortex to exist. For each flow regime, the influence of the 
parameters mentioned above provided additional information 
in the form of allowances that may be used in a typical 
design calculation.
Other workers in this field have also contributed to the 
understanding of wake flow regimes and their effects on the 
wind loading of subsequent structures. English and Durgin 
(1981) studied the effects of the spacing between two 
rectangular vertical slabs, the wind direction and the 
variations in the height, length and width of the upstream 
sheltering slab on the loading of the downwind slab. The 
results showed that the shelter effect was strong over a 
wide range of wind angles with negative effects occurring 
at close spacings. An empirical expression was proposed 
that incorporated the spacing/length ratio and wind 
direction angle.
Investigations of negative shelter effects and the ■-> 
associated phenomena such as the "Wise effect" and the
57
"Coanda effect" have largely been conducted on high-rise 
buildings. Such effects or a combination of them may, 
however, be detrimental on low-rise buildings with surface 
curvature where the attachment of flow on the sheltered 
structure could give rise to higher forces otherwise 
neglected in the design process.
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2.7 Summary
In this chapter, the relevant features of uniform flow past 
flat plates and circular cylinders and the manner in which 
these features are modified in a turbulent shear flow were 
discussed. In addition, the boundary layer flows over 
bodies with flat surfaces and sharp edges and bodies with 
two and three-dimensional curvature, including 
semi-cylindrical structures, were considered. The review 
illustrated that very few near wake measurements have been 
made in flows around three-dimensional, surface-mounted 
bodies. In particular, the influence of the approach flow 
parameters on the surface pressures and near wake flows of 
semi-cylinders are still unclear. Moreover, the review of 
the available information on the wind loading of 
semi-cylindrical structures showed that the existing data 
are limited to simplified guidelines.
The review of literature on the effects of shelters, 
afforded by windbreaks or building proximity, illustrated 
that no detailed study has been carried out to investigate 
such effects upon the wind loading of semi-cylindrical 
structures.
The following chapter describes the experimental facilities 
and measurement techniques that were adopted for 
investigating the surface pressures and near wake regions 
of semi-cylinders in turbulent boundary layers.
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CHAPTER 3
EXPERIMENTAL DETAILS
3.1 Introduction
The experimental measurements were undertaken in two
boundary layer wind tunnels, utilising semi-cylindrical
models and computer-controlled instruments. The
investigation included the study of the mean surface 
pressures and the flow regimes in the near wake of the wind 
tunnel models. The development of new apparatus and
modifications of the existing equipment, together with the 
preparation of computer software for the acquisition and 
analysis of the experimental data, formed part of the
present work.
This chapter describes both the wind tunnel facilities and 
the measurement techniques that were adopted in order to 
obtain the experimental results. The physical details of 
the two wind tunnels and their boundary layer generation 
methods are discussed. Then, the models used in this work 
are introduced. This is followed by a description of the 
two computer-controlled traversing mechanisms used during 
the wake study programmes.
The microcomputer, its peripherals and the techniques used 
for interfacing the measuring apparatus are next discussed. 
The ensuing sections provide a detailed description of the 
three main measurement systems used extensively for this 
work. First, the pressure measuring instruments, including 
the construction of two new systems of fluid switching
mechanisms, are described. Next, the pulsed-wire anemometer 
system, used in the study of the mean and fluctuating
velocities in the near wake of the wind tunnel models, is 
discussed. This is followed by a description of the design 
and construction of a newly developed interface module for
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the operation of an existing instrument for locating flow 
separation and reattachment points.
Finally, a method of flow visualisation, employed for 
obtaining qualitative information regarding the wake flows, 
is discussed.
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3.2 Boundary layer wind tunnels
Two low-speed, blow-down, open circuit wind tunnels, T1 and 
T2, in the Department of Civil Engineering at the 
University of Surrey were used for the present work. Plates 
1 and 2 show the general views of the T1 and T2 tunnels, 
respectively. Each tunnel is segmental in construction and 
utilises a centrifugal fan, driven by a D.C motor, the 
speed of which can be regulated. The fan drives the air 
through a wide angle diffuser into a settling chamber. 
After passing through a set of three mesh screens, the air 
passes through a honeycomb and a fourth mesh screen before 
entering the contraction section with ratio of 5:1 and 4:1, 
for T1 and T2, respectively, and into the working section.
The freestream air velocity, with a turbulence level 
(fiP/U) of about 0.20% and 0.17%, for the T1 and T2 tunnels, 
respectively, could be monitored using a pitot-static tube 
and a micromanometer. Prior to any measurement session, the 
tunnel in use was left running for at least 30 minutes for 
the laboratory temperature to stabilise.
Figures 1 and 2 show the diagrammatical layouts of both 
tunnels. The T1 tunnel has working section dimensions of 
1.676 m (height) x 1.372 m (width) x 9.0 m (length). The 
influence of different boundary layers on the surface 
pressure distributions were carried out in this tunnel. 
These boundary layers, termed "thin11, "smooth" and "rough" 
were generated along the floor of the tunnel.
The "thin" boundary layer was allowed to develop naturally 
with no obstruction along the smooth floor. The "smooth" 
profile was produced downstream of a 20 mm high fence and 
a set of 300 mm high, elliptical vorticity generators 
positioned at the end of the contraction, respectively. The 
"rough" boundary layer was generated by using a 100 mm high 
castellated fence, the vorticity generators and a regular
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array of 25 mm cubic roughness elements at an areal density 
of 15%.
The profiles of longitudinal mean velocity and turbulence 
intensity for the three boundary layers, measured at the 
main model location, 6.0 m downstream from the end of the 
contraction, are shown in Figures 3 and 4, respectively.
The naturally developed "thin" boundary layer on the wall 
of the T2 tunnel, with working section dimensions of 1.372 
m (height) x 1.067 m (width) x 9.0 m (length), was used in 
other parts of the measurement programme, as indicated in 
Chapter 4. The mean velocity and turbulence intensity 
profiles, measured at the model location, 4.5 m downstream 
from the end of the contraction, are included in Figures 3 
and 4, respectively.
The Boundary layer parameters associated with each profile 
are included in the following table;
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THIN
T1
THIN
T2
SMOOTH
T1
ROUGH
T1
Thickness, 6 (mm) 98 86 287 600
Displacement 
Thickness, S. (mm) 15.6 14.0 41.0 118.1
Momentum Thickness, 
0, (mm) 11.30 9.86 31.00 72.90
S./S 0.16 0.16 0.14 0.20
0/6 0.12 0.11 0.11 0.12
s./e 1.39 1.42 1.32 1.62
Shear Velocity, U./U 0.0355 0.0355 0.0330 0.0700
Roughness Length, 
z0, (mm) - - - 2.29
Zero-plane
Displacement, d (mm) - - - 15
Power Law Exponent,n 0.158 0.167 0.142 0. 330
The boundary layer thickness (5) for each profile was 
defined as the height at which the mean velocity was 0.99 
of the freestream velocity (U). The displacement thickness 
(6*) and the momentum thickness (0) were computed from the 
following relationships;
S.= I (1-U/U) dZ and 0 = / U/U (1-U/U) dz
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The exponent of the power law, n, was determined from the 
best fit logarithmic plot of the mean velocity 
relationship;
U/U = [(Z-d) / (<S-d) Jn
where d, the zero-plane displacement, equals zero for the 
smooth wall boundary layers. The shear velocities were 
ascertained from smooth and rough wall boundary layer 
log-law plots.
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3.3 Wind tunnel models
Three groups of rigid models were constructed, each with a 
particular type of cross-sectional geometry, dimensionally 
similar to film-plastic clad greenhouses which are 
manufactured commercially, Plate 3. The cross-sections of 
the type I models consisted of a semi-circle while the type 
II models had the same surface curvature but included a 
sharp ridge on the top. The cross-section of the type III 
models consisted of two quarter circles joined by a flat 
section at the top. All the models had the same height of 
95 mm so that a constant model height to boundary layer 
thickness ratio could be achieved, Figure 5. In each group, 
model lengths of 95, 190, 285 and 380 mm were chosen to
provide length to height ratios (aspect ratios) of 1, 2, 3 
and 4, respectively. These models were employed to 
investigate the effects of three-dimensional flow. Also, in 
each group, three 1372 mm long "two-dimensional" models 
were used to study the two-dimensional flow over each 
geometry. Plate 4 illustrates the three-dimensional models 
and a two-dimensional model of type I geometry.
Pressure tappings of 1mm diameter were provided on the 
surfaces of all the models at 5 or 10-degree regular 
intervals, covering a quarter of the surface of each 
three-dimensional model and the centre-lines of the 
two-dimensional models.
The initial programme of the present work included the 
investigation of the surface pressures upon, and the wake 
flows associated with, smooth surface models. For the main 
study, the external surfaces of all the models were coated 
with varnish before randomly sprinkling on a coating of 
Ballotini glass balls of 1.7 mm to 2.0 mm diameter, 
producing an average relative roughness (ball radius/model 
diameter, e/D) ratio of approximately 0.01.
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The two-dimensional model fences, utilised in the shelter 
investigations, were constructed from an aluminium alloy 
plate of 3 mm thickness with a 45 degree bevelled sharp 
edge with heights of 60, 95 and 120 mm. A further set of 
two-dimensional, 60 mm high, porous fences were constructed 
with horizontal open slats of 3mm and 6mm, providing 
porosities (ratio of open to total area) of about 25% and 
50%, respectively. Plate 5 illustrates the model fences 
employed in this work.
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3.4 Traversing mechanisms
The wind tunnel facilities included traversing instruments 
for the precision movement of the measuring devices within 
the tunnels. The traversing system used in the T1 tunnel 
comprised of a 400mm, single axis mechanism driven by a 
stepper motor, Plate 6. The motor drive was provided with 
clock pulse signals from the microcomputer's IEEE 
interface, operated through a machine code program. The 
positional accuracy of the system was measured to be 0.5%, 
approximately.
The traversing system of the T2 tunnel consisted of a five 
degree of freedom, precision mechanism with only the 
longitudinal and the two transverse directions of the 
system being utilised in this work. The system, shown in 
Plate 7, was interfaced by the microcomputer through the 
IEEE extension module. The control software, written in 
BASIC, included strings containing handshaking commands. 
These strings provided the necessary information to the 
intelligent instruments controlling the operation of the 
various stepper motors of the complete system with a 
positioning accuracy of about 0.3%.
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3.5 Microcomputer interfacing
The control of the measuring instrumentation, together with 
the acguisition and analysis of all the experimental data, 
was achieved by employing a British Broadcasting 
Corporation, model B, microcomputer (BBC-B).
Based on the 8-BIT 6502 microprocessor, the operating 
system was conveniently accessed through the Versatile 
Interface Adaptor 6522. This chip provides two 
bi-directional input/output ports (user & printer ports), 
two programmable 16 bit timers and various interrupts and 
handshaking facilities. The user port with its eight-bit 
input/output data bus and two control lines was utilised in 
all of the measurements. As different upgraded BBC 
microcomputers were used during this work, all software 
were written based on a basic model B machine as the 
minimum requirement. Therefore, operating system calls were 
not used to address the user port but, rather, it was 
accessed directly. This created a further problem. Due to 
the restrictions on the available memory space (maximum of 
25K RAM) it was decided to prepare the new software on a 
menu-driven basis with each software consisting of several 
program files.
Another area of the operating system was used in 
conjunction with the 1 MHz data bus for use with the Acorn, 
IEEE488 interface module. This interface, operated through 
a supplied software ROM chip, was used for the control of 
the two traversing mechanisms.
In addition to the BBC microcomputers and IEEE488 interface 
module, a set of disc drives and a printer were used for 
the storage of the experimental results. Details of the 
control software associated with each measurement system 
are included in the following sections.
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3.6 Surface pressure measurements
The measurement of mean pressures on the surfaces of the 
models were carried out using the apparatus arrangement of 
Figure 6. The pressure tappings of the model under 
investigation were connected to a Scanivalve switch 
mechanism using short lengths of rubber tubing. The output 
(common) line of the Scanivalve switch allowed each 
tapping, in turn, to be connected to a Furness low-pressure 
differential transducer which measured the difference 
between the pressure on the common line and the freestream 
static pressure. A total of three Scanivalve systems were 
used during the period of this work, Plate 8. An existing 
48-way system was employed initially with two further 
mechanisms designed and developed at later stages.
The analogue voltage output from the transducer, in the 
range of ±1V, corresponded to a differential pressure of 
±10mm of water. This voltage was then amplified and 
converted to a logic value, using a 10-bit, bi-polar, 
analogue to digital converter (ADC). The data was then 
multiplexed and read by the BBC microcomputer.
The software which was developed for use with the pressure 
measuring apparatus is based on an existing program on the 
Commodore Pet microcomputer, developed by Savory (1984).
The new software, prepared for the BBC microcomputer, 
consists of several assembler routines for creating the 
machine code programs. These programs are responsible for 
the sampling, multiplexing, addition and squaring of the 
digitised data as well as the creation of the calibration 
look-up tables. Other routines, written in BASIC, provide 
a menu-driven interactive environment for the following 
operations;
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INSPECTION OF ADC OUTPUT
CALIBRATION OF AMPLIFIER
CALIBRATION OF TRANSDUCER
INPUT OF CALIBRATION CONSTANTS
CREATION OF LOOK-UP TABLES
MEASUREMENT OF REFERENCE PRESSURE
SPECIFYING REFERENCE PRESSURE
SCANIVALVE MEASUREMENTS (48-WAY SYSTEM)
SCANIVALVE MEASUREMENTS (5x24-WAY SYSTEMS)
DATA FILE HANDLING
DATA PLOTTING
A typical measurement session is commenced by calibrating 
the amplifier and the ADC with an accurate voltage source 
for the complete 10-bit, logic range of 0 to 1023. This is 
followed by the calibration of the pressure transducer. The 
linear relationship between the transducer output voltage 
(E) and the differential pressure (H), E= AH + B, is used 
in the calibration routine. The constants A and B are then 
determined by calibrating the logical value of the 
transducer output against the freestream dynamic pressure 
for a range of tunnel velocities. The four constants 
obtained from the two calibration procedures may then be 
used to create the two look-up tables. These are, 
essentially, lists of mean pressures and squares of 
pressures corresponding to the 1,024 possible logic values.
Next, the Scanivalve in use is identified to the software. 
After entering the sampling time and the Scanivalve port 
numbers corresponding to the required pressure tappings, 
the reference pressure is measured. Then, the Scanivalve 
scans through the required positions. At each position, the 
measurement routine takes the required number of samples 
(about 3500 samples per second). The digitised value of the 
sampled data will then return its corresponding pressure
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value and the square of it from the tables. The mean and 
fluctuating pressure coefficients are then calculated. A 
Sampling time of 20 seconds was used throughout this work 
with each measurement session requiring 1/2 to 3 hours 
depending on the number of the pressure tappings. The 
temperature increase over a typical 3-hour measurement 
session was found to be 2 to 4 °C. As a result, the
transducer "drift" has to be monitored at the end of each 
measurement session. For the present work, the calibration 
of the transducer was repeated every two hours 
approximately, depending on the magnitude of the drift.
The above arrangement has shown to be a rapid and reliable 
technique for the measurement of the mean pressures. Each 
of the sets of results were verified to be repeatable with 
5% accuracy range. The fluctuating pressure data are, 
however, inaccurate. This is due to the low frequency 
response of the system incorporating the transducer and the 
pressure tubings whose lengths are too great for the 
measurement of such data.
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3.7 Mean velocity and turbulence intensity measurements
A Pela Flow Instruments pulsed-wire anemometer system, was 
utilised for the measurement of the mean and fluctuating 
velocities in all of the near wake investigations. This 
instrument has been shown to be an extremely accurate 
device in highly turbulent flows, Bradbury and Castro 
(1971).
Figure 7 illustrates a standard pulsed-wire probe
consisting of two parallel sensor wires of 5 /im diameter 
and the 9 jum diameter pulsed-wire. The geometry of the 
probe is such that the pulsed-wire is perpendicular to the 
plane of the sensor wires and equidistant from them. The 
anemometer system was used in conjunction with the
dedicated BBC microcomputer and one of the two traversing 
mechanisms, described previously, Figure 8.
The principle of the operation of the anemometer and the 
hardware details, together with the user instructions of 
the original PET software, are included in the Pela
Instruments PWA Manual. A brief description of the system, 
its operation, and the newly developed control software is, 
however, provided in this section.
By placing a voltage across the pulsed-wire for a few
microseconds, this wire is heated up and produces a heat 
trace. The heat trace is convected away from the 
pulsed-wire and is sensed by one of the sensor wires 
depending on the velocity of air passing the probe at the 
time. The time taken for the heat trace to travel between 
the pulsed-wire and one of the sensor wires, the time of 
flight (T) , may be measured and related to the flow
velocity (U).
A satisfactory empirical calibration expression, relating 
T and U is of the form; U = A/T + B/T3. The calibration
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constants A and B, for each of the sensor wires are then 
determined by calibrating the logical value of T against 
the freestream dynamic pressure for a range of air 
velocities. A and B are then calculated by a least square 
fitting technique.
A typical set of calibration curves are illustrated in 
Figure 9. After the calibration of the wires, the probe may 
be used to measure the three velocity components U,V and W. 
The measurements carried out in this work relate to the 
longitudinal component, U.
The 12-bit time of flight counter from the PWA is available 
as a TTL-compatible signal via a multiplexer. This signal 
can be interfaced with the 8-bit user port of the BBC.
The control software written for the BBC microcomputer was 
based on the original PET program supplied with the system. 
The new software includes machine code and BASIC routines, 
to provide an interface with the PWA system and either of 
the traversing mechanisms. The machine code routines were 
used in acquisition and processing of the data, whilst the 
BASIC programs provided the following operations;
INSPECTION OF ANEMOMETER OUTPUT 
CALIBRATION OF WIRES 
INPUT OF ANY CONSTANTS 
CALIBRATION CHECK 
CREATION OF LOOK-UP TABLES 
MEASUREMENT OF REFERENCE VELOCITY 
SPECIFYING REFERENCE VELOCITY 
TRAVERSE MEASUREMENTS IN BOTH TUNNELS 
TRAVERSE IN BOTH TUNNELS 
INSPECTION OF DATA FILES
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Before commencing any measurements, the front panel 
settings of the pulsed-wire and the sensor wires have to be 
adjusted for a satisfactory operation of the probe. After 
calibrating the wires, the look-up tables are created and 
the reference velocity is measured. At this point, one of 
the two traverse measurement programs could be chosen for 
one, two or three-dimensional grid profile measurements of 
the mean velocities and turbulence intensities.
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3.8 Separation /Reattachment: probe
The study of flow separation and reattachment in boundary 
layer flow measurements has involved the development of 
numerous instruments. The operation of these instruments 
has been based upon the convection of heat from various 
types of probes. These probes include heated blocks, 
Ludweig (1950), surface hot wires, Leipmann and Skinner 
(1954) and heated films, Bellhouse and Schultz (1966). 
Eaton et al (1979) used a wall pulsed-wire to locate the 
positions of reattachment downstream of a backward-facing 
step by measuring the percentages of time that the flow was 
forward or reversed. This principle was used by Savory 
(1984) to develop a probe for the study of separation and 
reattachment regions associated with flows over domes and 
dome-cylinders. The probe was later used in the present 
work with hardware modifications and changes in its mode of 
operation being carried out at initial stages of the 
research programme.
The principle of operation and the details of the probe are 
described in the following sections with further details of 
the hardware, interface requirements and the operating 
instructions included in the Appendix.
By providing a voltage (V±) across an element (eg. a strain 
measuring gauge) , the element is heated up and the air 
flowing over the element convects the heat according to the 
flow pattern. By having a thermocouple with two exposed 
junctions of appropriate dimension on either side of the 
element, it is possible to detect a temperature difference 
across the element. It has been shown that, this 
temperature difference produces an e.m.f. (VQ) which is 
linearly related to the input power, V±2/R for a range of 
input powers, Figure 10. The maximum thermocouple e.m.f. is 
about 200 /iV, corresponding to a temperature difference of 
5°C.
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At a separation or reattachment point there is very little 
difference in the temperature of the two junctions since at 
such a point the percentages of the flow moving in the 
upstream and downstream directions are approximately equal. 
By traversing the probe in a given flow and measuring the 
slope of the V0 versus VA2 line at each probe position, the 
point of the separation or reattachment is characterised by 
a zero slope. However, as the thermocouple junctions may 
not be identical and positioned at the same distance from 
the element, there exists a small e.m.f. produced by the 
heat conduction through the substrate resulting in a 
non-zero slope. This error may largely be eliminated by 
measuring the slope with no air flow and subtracting it 
from all subsequent values of slope measurements. Each 
slope value may then be plotted against the distance 
downstream of the model to locate where the separated flow 
reattaches, Figure 11.
Figure 12 shows the main components of a typical probe. An 
unencapsulated constantan foil strain gauge (R=120 n) was 
used as the heated element with a copper-constantan 
differential thermocouple to sense the temperature 
difference across the gauge. Kapton flexible printed 
circuit board material was used for mounting the heated 
element and the thermocouple junctions, providing copper 
connections to the components on a thin flexible backing 
material. The maximum overall thickness of the probe was 
found to be 0.2 mm.
The development of an existing Separation/Reattachment 
Probe module was completed so that the BBC microcomputer 
could be used in conjunction with a power supply, an 
analogue to digital converter and an amplifier to control 
the operation of the probe. Measurements were then 
undertaken producing information regarding the location of 
flow separation and reattachment. The extensive use of the 
probe, however, necessitated the redevelopment of the
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interface. A new system was then designed, constructed and 
used for further studies, Figure 13. The completed module, 
shown in Plate 9, consists of :
- a built-in power supply,
- a thermocouple low-noise amplifier circuit, Figure 14,
- an analogue to digital converter and multiplexer circuit, 
Figure 15, and
- a digital to analogue converter and power amplifier 
circuit, Figure 16.
The control software consists of an assembler and three 
BASIC routines. The INSPECTION routine is used to check the 
overall operation of the system. The SLOPE routine is used 
to provide incremental voltages (0-5V) to the element and 
to sample the e.m.f. produced across the thermocouple. The 
value of each increment, together with the thermocouple 
e.m.f. sampling time, is provided by the user. This program 
is used to measure the slope of the V0 versus V±2 curve for 
each probe position.
By traversing the probe in a separation or reattachment 
zone and running the SLOPE routine at each position, the 
user is able to locate the position of the flow separation 
or reattachment. The MEASUREMENT routine is a simplified 
version of the SLOPE program. It allows the user to provide 
the element with an input power by supplying a constant 
voltage across it. The routine will then read in the 
corresponding e.m.f. produced by the temperature difference 
sensed by the thermocouple junctions.
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3.9 Flow visualisation
The complexities associated with the flow around 
three-dimensional bluff bodies may be better understood by 
resorting to various methods of flow visualisation. Amongst 
the qualitative techniques, the thymol blue indicator 
method, Baker (1966), was used extensively during the work 
of Savory (1984) to study the flow around Perspex models of 
hemispherical structures.
The basis of the technique is the electrolysis of an acid 
solution. The fluid is prepared by adding sufficient amount 
of thymol blue to distilled water to produce a 0.01% by 
weight solution. In order to titrate the fluid to the end 
point, small drops of sodium hydroxide are added to the 
solution until the fluid turns deep blue. Finally, a few 
drops of hydrochloric acid are added until the solution is 
just on the acid side of the end point with an orange 
colour. By immersing two electrodes in the liquid and 
supplying a voltage across them, the liquid next to the 
cathode changes into the alkaline state, with blue colour. 
The blue, alkaline fluid in the moving solution produces 
traces that at speeds of up to about 5 cm/sec remain 
visible. Further downstream, the traces disappear due to 
mixing with lower pH fluid and so the working fluid may be 
constantly recirculated.
Scaled models of type I greenhouse structures and fences 
were constructed from Perspex. The Perspex water channel in 
the Department of Civil Engineering, shown in Figure 17, 
was used in conjunction with the thymol blue technique to 
visualise the flow around the models . Several trace 
generator electrodes were tested using insulated copper 
wires and Kapton copper sheets.
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3.10 Summary
This chapter provided detailed information on the apparatus 
employed during the present research. The boundary layer 
wind tunnels and the models were described. The operation 
of the measuring instruments and the controlling systems 
including the dedicated microcomputer and its peripherals 
and interfaces were also introduced. The development of the 
separation/reattachment control module was then outlined 
and finally, the thymol blue indicator technique of flow 
visualisation was described.
These experimental techniques were used in the study of the 
wind flow around semi-cylindrical models the scope of which 
is presented in the next chapter.
80
CHAPTER 4
EXPERIMENTAL MEASUREMENTS
4.1 Introduction
The review of previous work in Chapter 2 illustrated that 
relatively few measurements have been taken in the near 
wake of bluff bodies in turbulent boundary layer flows. In 
particular, it was noted that the influence of the approach 
flow parameters on the surface pressures and near wake 
flows of semi-cylinders are still unclear. Consequently, 
the wind loading design data were found to be limited to 
simplified guidelines. Furthermore, the review of 
literature on the effects of shelters, afforded by 
artificial windbreaks or building proximity, illustrated 
the lack of investigations in studying such effects. The 
scope of the present experimental work was, therefore, 
determined by the above-mentioned shortcomings.
The wind tunnel facilities and the measurement techniques, 
described in Chapter 3, were employed in the investigations 
that formed the present research programme. The 
investigations consisted of one preliminary and two main 
studies.
In the preliminary study, the fundamental aspects of two- 
dimensional flows around surface-mounted semi-cylinders of 
all three geometries were examined. Extensive measurements 
on models in two and three-dimensional flows were then 
carried out in the first main investigation. Finally, a set 
of parameter studies was undertaken on sheltered models in 
the second main investigation.
The experimental measurements, described in the present 
chapter, outline the extent of the investigations in terms 
of a set of measured quantities, namely, mean surface
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pressure coefficients and mean longitudinal velocities and 
turbulence intensities. In addition, the scope of the 
studies concerning the location of flow separation and 
reattachment points Is outlined for each of the 
investigations.
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4.2 Preliminary Investigation
4.2.1 Mean surface pressure measurements
The mean surface pressure distributions of smooth, two and 
three-dimensional models of the three types of geometry 
were measured in the thin boundary layer of the T2 tunnel. 
This naturally grown profile was chosen to avoid the 
complexities, particularly at lower Reynolds numbers, 
associated with artificially produced boundary layers. The 
results of the preliminary work are, however, compared to 
those obtained from the measurements undertaken in the 
smooth and rough boundary layers described in Section
4.3.1. Sampling times of 15 to 20 seconds were used at a 
rate of 3,500 samples per second.
All the results are presented in the form of 
non-dimensional pressure coefficient; Cp = (p-p0)/(^pU2) , 
where p and pc are the surface pressure and freestream 
static pressure, respectively. As a consequence of choosing 
the thin boundary layer, the normalising dynamic pressure 
was, at this stage, based on the freestream velocity which 
also corresponded to the velocity at the model height in 
the absence of the model.
Throughout the preliminary investigation, the pressure 
distributions on the models were presented as centre-line 
graphs with respect to the elevation angle, 0.
Initially, the fundamental characteristics of two- 
dimensional flows around smooth cylinders in uniform flow 
and a type I, smooth, surface-mounted semi-cylinder were 
investigated by measurements of centre-line mean surface 
pressure distributions. This was followed by an examination 
of the Reynolds number sensitivity of flow around the semi­
cylinder. The range of Reynolds numbers, based on the 
height and freestream velocity, was from 6.50xl03 to
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8.52xl04. Subsequently, all the tests were carried out at a 
Reynolds number of 6.55xl04, based on the model height of 95 
mm and on a freestream velocity of lOm/s. The effects of 
cross-sectional geometry and the aspect ratio were 
investigated with the flow normal to the longitudinal axes 
of the models. Furthermore, the influence of approach flow 
conditions the centre-line pressure distributions on two- 
dimensional models were examined by measurements undertaken 
in the thin, smooth and rough boundary layers.
The line of flow separation on the surface of each model 
was estimated from the pressure distributions by employing 
the construction illustrated below. This method was 
suggested by Niemann (1971) in the study of surface 
pressures on hyperbolic cooling towers.
P
F lo w
p max
pb
pmm
Where required, the values of the pressure coefficients for 
each model were numerically integrated over the surface 
area, as shown below, in order to compute the lift and drag 
coefficients for each model, thus:
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zFlow
Cd = (1/L) JJ Cp.Cos 0 d0 dl
Cx = (1/2L) If Cp.Sin 0 d0 dl
The blockage ratio for each test was measured as the ratio 
of the vertically projected area of the model to the tunnel 
working section area. As the values, given in the following 
table, were below the critical 10% ratio, Maskell (1963) 
and Mckeon and Melbourne (1971), no corrections were 
applied to the results.
Model L/H 1 2 3 4 2D
Blockage 
Ratio % 0.6 1.2 1.9 2.5 •CO
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4.2.2 Near wake measurements
Prior to any measurement being undertaken, a series of 
qualitative flow visualisation studies wets carried out in 
order to examine the extent of the recirculation regions 
behind the two-dimensional models with the three types of 
cross-sectional geometry. These included the use of 
oil-ink, cotton tufts, smoke-wire, smoke-injection and 
thymol blue indicator. While the oil-ink and cotton tufts 
visualisations were conducted at the same Reynolds numbers 
as the quantitative measurements, the lower Reynolds 
number, thymol blue indicator technique was found to be the 
most useful in providing an insight into the overall flow 
structure. In view of this, the water channel facilities, 
described in Section 3.9, were used for visualising the 
flow around the semi-cylindrical and fence models.
Measurements of the normalised mean longitudinal velocity 
(U/U) and turbulence intensity (u2/U2 ) were undertaken over 
a grid along the wake centre-line of smooth models of all 
three geometries, in the thin boundary layer of the T2 
tunnel. The extent of the grid in the Z direction was 
limited to a distance from the tunnel wall where freestream 
flow conditions prevailed in 10mm increments. In the X 
direction, the measurement grid extended to a multiple of 
model height past the reattachment zone. The quantities 
were measured using the pulsed-wire anemometer, described 
in Section 3.7, together with the three-dimensional 
traversing system outlined in Section 3.4. A freestream 
velocity of 10 m/s was used throughout the measurements 
providing a Reynolds number of 6.55xl04, based on the height 
of the models.
The statistical error in the measurement of the Reynolds 
stressess, was shown by Castro and Cheun (1982), to be 
about 10% if 10,000 samples were taken. In order to obtain 
a sample size which would provide data within an acceptable
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error range for the present work, a series of tests were 
undertaken. These tests were carried out over the working 
range of Reynolds numbers and showed that the data were 
repeatable with an error range of 4 to 5 per cent if 10,000 
samples were acquired. Subsequently, the measurements were 
undertaken by obtaining 10,000 samples for each data point. 
The time taken for the BBC microcomputer to acquire and 
analyse the samples was approximately 3 minutes.
Mean streamlines were obtained from the distribution of the 
streamfunction in the wake of each model. Assuming mass 
conservation across any vertical section, the 
streamfunction was obtained by the integration of the mean 
velocity data at each downstream location, thus;
ijr = (1/H) /(U/U) dZ
The normalised shear layer thickness in the vertical plane 
at the wake centre-line was presented in terms of the 
maximum slope of the longitudinal mean velocity profile, 
thus:
Az = (U/H) x [max(dZ/dU)]
The positions of reattachment of the separated shear layer 
on the wake centre-line, obtained from the mean streamline 
diagrams, were compared with the data obtained by using the 
separation/reattachment instrument.
4.2.3 Separation/reattachment studies
The separation/reattachment probe with its interface 
module, described in Section 3.8, was used in order to 
estimate the positions of surface flow separation and areas 
of flow reattachment. The investigation was carried out on 
smooth, two and three-dimensional models of all geometries
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in the thin boundary layer of the T2 tunnel at a freestream 
velocity of 10 m/s.
In the case of the two-dimensional models, the locations of 
flow separation and reattachment were estimated with the 
probe placed on the centre-line of the model surfaces and 
on the ground plane in the wake centre-line, respectively. 
By undertaking similar measurements at several positions on 
the surface and in the wake of each three-dimensional 
model, the required zones were identified. The results of 
the investigations for each model were then presented both 
graphically and in tabular form.
4.2.4 High Reynolds number flow simulation
The influence of surface roughness on the development of 
boundary layers on curved surfaces was discussed in Section
2.4.2. The review of previous work illustrated that high 
Reynolds number simulation may be obtained by artificially 
roughening the surface of a circular cylinder in uniform 
flow at a lower Reynolds number. Furthermore, the work of 
Wong (1981) and Savory (1984) on rough and smooth
semi-cylinders and hemispheres in turbulent boundary layers 
showed that the same concept may be applied to highly
curved, surface-mounted bluff bodies.
The roughness on the upstream surface causes transition to 
turbulence at a similar location to that on a smooth
surface at higher Reynolds numbers. The simulated
supercritical condition is characterised by delayed, 
turbulent flow separation from the surface and, hence, 
reduced drag coefficients. However, Nakamura and Tomonari 
(1982) illustrated that the presence of any roughness 
elements downstream of the transition caused the 
retardation of the turbulent boundary layer resulting in 
earlier separation and a higher drag coefficient.
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Consequently, it was concluded that high Reynolds number 
flow simulation of a circular cylinder in uniform flow can 
only be fully achieved by a roughness strip and not by 
distributed roughness.
Whilst the use of distributed roughness on surface-mounted 
bodies resulted in successful high Reynolds number 
simulations, the possible adverse effects of the roughness 
on the flow downstream of the transition have not been 
examined by previous workers. In order to assess such 
effects, the preliminary investigation of this work 
included a set of parametric studies in which roughness 
strips were used on the surface of the two-dimensional 
model of type I geometry. The parameters included the size 
of the roughness elements in relation to the diameter of 
the model, together with the location of the roughness 
strip. Two sizes of roughness were used with average ratios 
(roughness element diameter/ model diameter) of 0.005 and 
0.01. Each strip was 25 mm wide subtending an angle of 15° 
on the surface of the semi-cylinder. The strips were placed 
at 5 degree intervals, from an elevation angle of 30 to 100 
degrees. Measurements of the mean surface pressures were 
undertaken for each configuration. The pressure 
distributions and the values of the local lift and drag 
coefficients, as defined in Section 4.2.1, were then 
compared to the corresponding distributions and values for 
smooth models and models with distributed surface 
roughness.
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4.3 Semi-Cylinders in Turbulent Boundary Lavers
4.3.1 Mean surface pressure measurements
In order to assess the effects of simulated high Reynolds 
number flows upon the data obtained from the preliminary 
investigation, the distributions of mean surface pressure 
coefficients on the overall surfaces of all models with a 
distributed roughness ratio of 0.01 were examined in the 
main study. The measurements were undertaken on two and 
three-dimensional models of aspect ratios 1, 2, 3 and 4, 
for types I, II and III. The experiments were carried out 
in the rough boundary layer of the T1 tunnel, at a single 
Reynolds number of 6.55x10“, based on the height of the 
models and a freestream velocity of 10 m/s. Sampling times 
of 25 seconds were used at a rate of 3,500 samples per 
second. The results were then analysed in order to derive 
plan contours of mean pressure coefficients on the surface 
and end walls of each three-dimensional model.
The influence of the flow direction upon the overall 
pressure distributions on the models with aspect ratio of 
4 , in the thin and rough boundary layers, was examined by 
mounting the models at 0, 30, 45, 60 and 90 degrees to the 
approach flow direction.
The significant parameters derived from the pressure data 
included the values of the maximum, minimum and base 
pressure coefficients together with lift and drag 
coefficients for each model. The latter coefficients were 
based on the centre-line, and overall data for the two and 
three-dimensional models, respectively. Where appropriate, 
the results of the present work were compared with other 
wind tunnel and full-scale investigations, described in 
Section 2.5.
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4.3.2 Near wake measurements
The main near-wake investigation was initially carried out 
on the rough, two-dimensional models of all three 
geometries in the thin boundary layer. The scope of the 
measurements was similar to that of the preliminary 
investigation carried out on smooth models in the thin 
boundary layer flow. The measurement grid for each test 
extended to the freestream in the Z-direction and to one 
model height past reattachment zone, in the X-direction. 
The measured quantities included the normalised mean 
longitudinal velocity (U/U) and turbulence intensity (u2/U2) 
profiles within a two-dimensional grid immediately 
downstream of the model, at a freestream velocity of 10 
m/s. A total number of 10,000 samples was taken for each 
data point over 3 minutes approximately.
The investigation was extended in order to study the 
influence of the approach flow on the wake structure, by 
comparing the resulting separated shear layer and the 
recirculation zone of each model in the rough boundary 
layer of the T1 tunnel. Furthermore, rough three- 
dimensional models of aspect ratio 4 in the rough boundary 
layer were used to investigate the three-dimensional flow 
characteristics in the wake centre-line. The extent of the 
recirculation region for each model was then examined by 
the computation of the near wake mean streamfunction as 
described in 4.2.2.
4.3.3 Separation/reattachment measurements
The influence of surface roughness on the longitudinal 
extent of the near wake region, as examined during the wake 
measurements, was further investigated in the thin and 
rough boundary layers of the T1 tunnel. The location of 
flow reattachment downstream of the two and
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three-dimensional, rough models of all geometries were 
estimated using the instrument described in Section 3.8. A 
freestream velocity of 10 m/s was used throughout the 
measurements. The results were then compared with those 
determined from the distributions of streamfunction, 
obtained from the mean velocity measurements.
With regard to the positions of flow separation, the 
investigation was limited to the centre-line of the models. 
This was due to the practical difficulties in mounting the 
probe onto the curved, roughened surfaces.
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4.4 Shelter Effects on Semi-Cylindrical Structures
4.4.1 Effects of artificial windbreaks
The influence of a thin, long, upstream fence upon the mean 
centre-line pressure distribution of the rough, type I 
model of aspect ratio 4 was examined as the first part of 
the main shelter investigation. As illustrated in the 
review chapter, the degree of protection afforded by a 
fence is affected by several parameters and no unique set 
of parameters exists for defining an optimum state in the 
shelter zone. Indeed, any shelter factor must be in terms 
of the particular application of the fence.
To this end, the present work was mainly concerned with 
finding an optimum fence-model arrangement in which the 
mean aerodynamic loads were minimal. The scope of the 
measurements were initially determined by the preliminary 
near wake studies of the windbreaks which included flow 
visualisation and measurements of the mean longitudinal 
velocities and turbulence intensities within the 
recirculation zone of each fence. The main investigation 
was then carried out in the form of a set of parameter 
studies at a single freestream velocity of 10 m/s. A 
sampling time of 25 seconds was used throughout the tests 
which comprised of the measurement of the mean pressure 
coefficients on the model. The pressure data were then used 
in the computation of the local lift and drag coefficients. 
The influence of the porosity, fence/model heights ratio 
and fence-model spacing were examined with the models in 
the thin boundary layer of the T1 tunnel. For each 
measurement, the windbreak models, described in Section 
3.3, were placed at regular intervals upstream of the 
semi-cylinder. The fence to model spacing, ranging from 1 
to about 22 fence heights, accommodated the two extreme 
conditions in which the flow was either deflected over the
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semi-cylinder or reattached onto the ground plane upstream 
of the semi-cylinder.
4.4.2 Proximity effects of multiple-span models
The shelter afforded by an upstream semi-cylindrical model 
on similar successive models was examined in the second 
part of the investigation. Initially, the thymol blue 
method of flow visualisation was used to study the flow 
structure over a combination of two, three and four-span 
models. In all cases, three distinct types of flow could be 
present depending on the models spacing. These were found 
to be comparable to the "skimming", "wake interference" and 
"isolated" flows associated with cubic models of Lee 
(1989). Measurements were then undertaken of the mean 
centre-line pressure distributions on three identical 
smooth models in the thin boundary layer of the T2 tunnel, 
at a single freestream velocity of 10 m/s with a 25 seconds 
sampling time. In order to eliminate the complexities of 
three-dimensional flow, the investigation was restricted to 
the two-dimensional models of all geometries placed at 
model spacings of 0 to 2 model heights (2H to 4H centre to 
centre).
The results were presented as sets of three centre-line 
pressure distributions corresponding to each spacing. The 
pressure data were then used to compute the values of the 
local lift and drag coefficients. The variation with 
spacing of these coefficients were then used in predicting 
the critical conditions for each model geometry.
Finally, the centre-line mean pressure coefficients on a 
rough two-dimensional, type I model shielded by an 
identical upstream model in the thin boundary layer was 
compared with that of the model sheltered by a fence. The 
similarities in the two flow configurations were
94
investigated in terms of the derived lift and drag 
coefficients.
4.5 Summary
The scope of the experimental measurements of the present 
work has been described in this chapter. Details of the 
preliminary and main investigations of isolated and 
sheltered semi-cylindrical bodies in turbulent boundary 
layers were discussed. In addition, the presentation of the 
computed quantities obtained from the measured data were 
outlined.
The following chapter presents and discusses the results of 
the preliminary investigation and the two main studies.
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CHAPTER 5
DISCUSSION OF RESULTS
5.-1 Introduction
This chapter presents and discusses the results obtained 
from the wind tunnel measurements and water channel 
observations of the flows around semi-cylindrical models. 
The sequence in which the results are presented follows 
that of the previous chapter.
Initially, the data obtained from the preliminary 
investigation of smooth models in the thin boundary layer 
are discussed. The fundamental characteristics of the flow 
around a two-dimensional, surface-mounted semi-cylinder are 
examined first. This is followed by an investigation of the 
Reynolds number sensitivity of flow over a two-dimensional, 
type I model. Next, the pressure distributions on two and 
three-dimensional smooth semi-cylinders of the three 
cross-sectional geometries in the three boundary layers are 
presented. The results of the preliminary near-wake 
investigation of the semi-cylinders in terms of flow 
visualisation studies and pulsed-wire measurements are 
examined. From the latter, the vertical extent of the shear 
layer bounding the recirculation zone of each model is 
determined. Finally, the results of the high Reynolds 
number simulation study using strip and distributed surface 
roughness are discussed in the preliminary investigation.
In the first main investigation the overall distributions 
of mean surface pressure coefficients on all of the rough, 
two and three-dimensional models in the rough boundary 
layer are examined. The results are compared to those taken 
in the thin boundary layer and the available data from 
full-scale and numerical investigations as well as other 
previous wind tunnel studies. The extent of the near wake
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regions associated with semi-cylinders in simulated 
Reynolds number flow condition are examined by analysing 
the results of the separation/reattachment investigations, 
together with the data obtained from the pulsed-wire 
measurements.
The data obtained from the measurements undertaken on 
sheltered and multiple-span models are discussed in the 
second main investigation. The influence of a set of 
parameters on the load reduction mechanisms provided by 
artificial model fences are analysed first. Amongst these 
parameters, the porosity, fence-building spacing and height 
ratio are examined. In the case of multiple-span models, 
the effects of model proximity on the overall pressure 
distributions and local load coefficients are discussed.
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5.2 Preliminary Investigation
5.2.1 Mean surface pressure measurements
The variation of mean pressure coefficient along the 
centre-line perimeter of the smooth, two-dimensional, type 
I model serves to illustrate the basic trend of external 
pressure distribution for a surface-mounted bluff body of 
semi-circular cross-section in a cross flow. Over a range 
of subcritical Reynolds numbers, the distribution is 
compared to that of a cylinder with a splitter plate in 
uniform flow. It was noted, in Section 2.2.2, that, for a 
plain cylinder in uniform flow, within the subcritical flow 
regime (5. 0xl04<Re<l. 5xl05) the laminar flow separation 
forms a free shear layer producing rolling-up vortices that 
are shed alternately on each side of the cylinder, Gerrard 
(1966). In the upper subcritical range, the laminar 
separation is followed by the formation of a reattaching 
bubble and turbulent separation, Achenbach (1968) and 
Bearman (1969). Placing a splitter plate downstream of the 
cylinder inhibits the establishment of a vortex trail and 
prevents the flow crossover downstream. This flow mechanism 
has been studied extensively by Apelt et al (1973) and 
Apelt and West (1975), amongst others.
The mean surface pressure distribution on a smooth 
two-dimensional cylinder with and without a long splitter 
plate (L/D»5) in the freestream of the T2 tunnel was 
measured at a Reynolds number of 1.25xl05. Figure 18 shows 
the results, together with those of Apelt and West (1975) 
for a cylinder with splitter plate (L/D=4) at a subcritical 
Reynolds number of about l.OxlO5. It can be seen that, as 
expected, the use of splitter plate reduces the magnitude 
of the largest mean suction and base pressure by preventing 
the formation of alternating vortex and wake flow cross­
over. However, the data from present work on the cylinder 
with splitter plate and those of Apelt and West, only agree
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to an elevation angle of about 53 degrees. The magnitude of 
minimum and base pressure coefficients were measured to be 
-1.07 and -0.82, respectively. The corresponding values 
presented by Apelt and West were -0.91 and -0.70. The 
differences between the two sets of results are, primarily, 
due to the different lengths of splitter plates used. Apelt 
and West examined the effect of plate length on the 
pressure distribution up to a length of 7 cylinder diameter 
and showed a variation in peak and base pressure 
coefficients of up to 0.2. The configuration used in the 
present work corresponds to a plate length of about 13 
cylinder diameter. Furthermore, the different experimental 
arrangements resulting in different values of freestream 
turbulence and, in particular, blockage ratio contribute 
towards the discrepancies that exist between the two sets 
of results. Apelt and West reported an area blockage ratio 
of 6% whilst that of the present work was measured to be 
10%. Nevertheless, as far as the negative pressure gradient 
and pressure recovery rate are concerned the present 
results and those of Apelt and West are in agreement and 
follow the same general pattern. In particular, the 
estimated positions of flow separation for both cases are 
almost identical at about 75 degrees.
By comparing these distributions to that of a semi-cylinder 
in the thin boundary layer flow (H/<5- 1.1), it becomes 
apparent that the profile of the pressure distribution on 
the cylinder with splitter plate has the same 
characteristics as that of the semi-cylinder with 
stagnation, minimum and base pressures, flow separation and 
comparable pressure gradients present in both cases. 
However, a direct comparison of the two sets of quantities^ 
may not be appropriate at the first instance as the 
characteristic parameters, given in the following table, 
have different values for each case:
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MODEL Cp «ln e»m° e s° Cpb
Plain cylinder -1.53 67 82 -1.27
Cylinder with 
splitter plate
-1.07 62 75 I o ! • 00 CO
Semi-cylinder in 
thin b.l. flow
•
H1 82 116 -0.33
In an attempt to approximate the pressures on the upstream 
surface of the semi-cylinder to that of the cylinder in 
uniform flow, the magnitude of the measured pressures were 
normalised by the dynamic pressure, based on the velocity 
within the undisturbed boundary layer at the heights of the 
pressure tappings. The collapse of the data, shown in 
Figure 19, illustrates that the pressures on those points 
of the semi-cylinder which lie within the boundary layer 
may be approximated from the data of a cylinder with the 
same surface roughness in uniform flow and at the same 
Reynolds number.
In comparison with the cylinder results, the later 
separation angle of 116 degrees and higher base pressure of 
-0.33 for the semi-cylinder, as shown in the above table, 
are both indicative of the presence of a more turbulent 
boundary layer on the surface of the semi-cylinder. The 
kinetic energy contained in this boundary layer is able to 
sustain the adverse pressure gradient up to the separation 
angle of 116 degrees resulting in a higher base pressure. 
The separation angle and base pressure are directly 
comparable to those reported on smooth cylinders in uniform 
flow of high turbulence level, section 2.4.2. For this 
reason, the above mentioned results will be compared with 
those taken in the other boundary layers discussed later in 
this section.
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Whilst the extent and magnitude of the positive pressures 
on the upstream-facing surface are only influenced by the 
velocity and turbulence parameters of the approaching 
boundary layer, the pressure distribution on the remaining 
parts of the surface are further affected by the nature of 
the model surface flow regime. For a given surface 
roughness, the pressure distribution on a semi-cylinder is 
sensitive to the Reynolds number. Figures 20 and 21 
illustrate the centre-line pressure distribution of the 
smooth two-dimensional semi-cylinder in the thin boundary 
layer for a Reynolds number range of 1.31x10* to 1.31xl05 
based on the model diameter and freestream velocity. The 
distributions are of similar shape to those of Sakamoto et 
al (1977) and Wong (1981), with systematic changes taking 
place as the Reynolds number is varied. It can be noted 
that the position of the maximum positive pressure is at an 
elevation angle of 15 degrees, whilst the minimum pressure 
is located at 70-80 degrees.
The variation of the maximum, minimum and base pressures 
are more clearly presented in Figure 22. Within the 
measurement range of the present work, it is evident that 
increasing the Reynolds number results in a small increase 
in the maximum positive and base pressures while the peak 
suction decreases from a value of -0.68, at Re=1.3xl04 to 
-1.44, at Re=1.31xl05. The combined effect of these 
variations results in a decrease in the drag coefficient as 
reflected in Figure 23. Computed from the mean pressure 
coefficients, the values of the local, centre-line drag 
coefficient of the smooth semi-cylinder indicate that the 
flow regime over the entire range of the Reynolds numbers 
is subcritical. Indeed, the presence of the 
laminar-turbulent boundary layer transition, associated 
with the subcritical conditions of a cylinder in uniform 
flow, may be recognised by the inflection in the pressure 
distribution curves, at about 90 degrees. A comparison can 
be made between the present results and those of Sakamoto
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et al (1977) and Wong (1981) who obtained the drag 
coefficients of smooth two-dimensional semi-cylinders in 
subcritical thin boundary layer flow. While the general 
trends of the variations are similar in emphasising the 
subcritical nature of the flow, the differences in the 
magnitudes of the local drag coefficients are mainly due to 
the different approaching boundary layers.
Having studied the fundamental characteristics of the 
pressure distribution of a two-dimensional, smooth model of 
type I in the thin boundary layer, the remainder of this 
preliminary section discusses the effects of 
cross-sectional geometry upon the preliminary results.
Figure 24 illustrates the distribution of mean centre-line 
pressure coefficients for two-dimensional smooth models of 
the three types of geometry placed at 90 degrees to the 
approaching thin boundary layer. The results correspond to 
a subcritical diametrical Reynolds number of 1.31x10s,
1.03xl05 and 1.64x10% for models I, II and III, 
respectively, based on a freestream velocity of 10 m/s. The 
three distributions show that the maximum positive 
pressures on the windward surfaces of the models are 
similar since, having the same curvature, they are only 
influenced by the momentum of the approach flow. The peak 
negative pressures for models of types I and III are only 
slightly different since these models have the same 
curvature where the peak suctions occur. For the type II 
geometry, the flow separates earlier than for the other 
models, at the sharp ridge. Considering the distributions 
over the leeward surfaces, the pressure on the type I model 
increases up to an elevation angle of about 120 degrees 
where it remains fairly constant and equal to the near wake 
pressure downstream. The peak negative pressure on the type 
II model remains constant over the complete leeward 
surface. The distribution over the type III model shows an 
increase in the pressure with increasing elevation similar
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to that of type I except that there exists a plateau on the 
curve corresponding to the flat section at the top of the 
model. After this point, the pressure increases again until 
it reaches an almost constant value just greater than those 
over the corresponding positions on models of types I and
II.
The associated values of centre-line lift and drag 
coefficients, given in the following table, illustrate that 
the cross-sectional geometry of each model has considerable 
influence upon the overall loading;
Model Type Cx cd
I 0.63 0.26
II 0.21 0.54
III 0.54 0.30
Since the pressures on the upstream faces of the models are 
similar, the prominent cause of the difference in values of 
the above coefficients are the pressures on the leeward 
surfaces. Model II, having the lowest suction on the 
leeward face, experiences the highest drag and the lowest 
lift. The corresponding values for model III lie between 
those of models I and II. As regards the structure of the 
flow, it is clear from the pressure distributions that the 
geometry controls the separation angle of the flow from the 
surface of each model. A more detailed study of the flow 
over these models will be carried out in the next section 
of the present chapter.
In an attempt to further investigate the effects of model 
geometry upon the surface pressures, the centre-line 
distributions of mean pressure coefficients are plotted in
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Figures 25, 26 and 27 for three-dimensional models of types 
I, II and III, respectively.
The results show that the range of increase in the value of 
the maximum positive pressure coefficient is about 0.2 for 
each geometry. The peak negative pressure is also 
influenced by a change in aspect ratio of types I and III 
models, with type II models experiencing only small 
changes. A decrease in L/H ratio and, hence, an increase in 
three-dimensionality of the flow reduces the peak suctions 
in all types.
With regard to downstream-facing surfaces, reducing the 
aspect ratio generally results in higher pressures. This 
may be explained, at this stage, by the increased rate of 
air entrainment around the model ends into the 
recirculation region with subsequent increase in the 
turbulence of the near wake and an increase in pressures 
over the downstream surfaces. Lift and drag coefficients, 
computed from these pressure distributions, are presented 
in the following table with Figures 28 (a), (b) and (c)
showing the tabulated results graphically.
L/H 1 2 3 4 2D
TYPE I Cx 0.41 0.46 0.52 0.56 0.63
Cd 0.43 0.39 0.36 0.33 0.26
TYPE II Cx 0.19 0.19 0.20 0.20 0.21
cd 0.59 0.58 0.57 0.57 0.54
TYPE III Cx 0.39 0.42 0.44 0.47 0.54
cd 0.44 0.41 0.37 0.33 0.30
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Further aspects of model geometry as regards flow direction 
will be discussed in the main investigation where the 
overall surface pressure distributions are also presented.
The final part of the preliminary surface pressure 
measurements included the study of boundary layer effects 
upon the centre-line pressure distributions of the smooth 
models.
Figure’s 29 (a), (b) and (c) illustrate the variation of
mean surface pressures on two-dimensional models of types 
I, II and III, respectively. The extent of the positive 
pressure region on the upstream faces of models in each 
group are the same for all the boundary layers. The value 
of the peak positive pressure is, however, greatest in the 
thin profile since the magnitude of the stagnation pressure 
is directly related to the momentum of the approach flow.
For a cylinder in uniform subcritical flow, an increase in 
freestream turbulence intensity causes earlier flow 
separation. However, the results of types I and III models 
indicate that the thin boundary layer flow produces earlier 
flow separation, greater wake suction and higher drag 
coefficients. The dominant parameter/ therefore, is the 
momentum of the approach flow resulting in higher "local” 
Reynolds number effects which are absent in more turbulent 
velocity profiles.
The following table presents the lift and drag coefficients 
and parameters that characterise the pressure distributions 
for each model.
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Flow Model Cp min Cpb e s Cx C d
Thin I 0.52 -1.44 -0.33 116 0.63 0.26
II 0.52 -0.39 -0.40 90 0.21 0.54
III 0.52 -1.27 -0.26 . 117 0.54 0.30
Smooth I 0.40 -1.35
00<N•
O1 117 0.60 0.28
II 0.40 -0.32 -0.33 90 0.18 0.57
III 0.39 -1.19 -0.24 119 0.50 0.32
Rough I 0.31 -1.24 -0.22 120 0.56 0.33
II 0.31 -0.29 -0.30 90 0.16 0.59
III 0.31 -1.05 -0.21 121 0.47 0. 36
It can be noted from the above values that for a given 
model geometry, the magnitude of the centre-line lift 
coefficient is highest in the thin boundary layer and 
lowest in the rough flow. On the other hand, the drag 
coefficient is lowest in the thin boundary layer. Also, 
whilst the greatest overall drag occurs on model II in the 
rough flow, model I has the highest overall lift in the 
thin boundary layer.
Whilst a number of published data exist for comparison with 
the results of type I model, no comparative literature were 
found on geometries of type II and III, other than the 
full-scale results of Hoxey and Richardson (1983, 1984).
From these, the mean, external pressure coefficients were 
extracted and reproduced on Figures 29 (a), (b) and (c).
With the present test conditions, the Reynolds number is 
too small to produce a simulation of the transcritical, 
Reynolds number independent flow. Furthermore, no boundary 
layer data were included in the. full-scale results to 
enable a direct comparison of the two sets of data,
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normalised by dynamic pressure over the height of the 
models. Therefore, a detailed comparison of the present 
results with other published data is restricted to type I 
models.
A comparison of centre-line pressure data on two- 
dimensional, smooth models of type I, from the present work 
and those of Wong (1981) are shown in Figure 30. The data, 
normalised using the velocity at the height of the models, 
show that the difference between each set of data is 
reduced markedly. The general trend obtained from the 
results of present work, however, does not agree with those 
of Wong (1981). Contrary to Wong's findings, with 
increasing model height/boundary layer thickness ratio, the 
absolute values of peak suction and positive and base 
pressures were found to increase. In a similar manner, 
Sakamoto et al (1977) arrived at the same conclusions for 
model height/boundary layer thickness ratios of 0.18 to 
1.72 for models immersed in several boundary layers. The 
results of the latter workers, as mentioned in the earlier 
part of this section, correspond to subcritical flow 
regimes (Re<7.5xl04) which provide a good basis for 
comparison with the preliminary part of the present work. 
The effects of boundary layer parameters on pressure 
distributions of Sakamoto et al (1977) are better described 
by reproducing their variation of lift and drag 
coefficients, together with those of the present work, 
expressed in terms of the shear velocities associated with 
each boundary layer, Figures 31 (a) and (b). For both lift 
and drag coefficients, the Reynolds number effects are 
found to be dominant in both sets of results. The drag 
coefficients in the curves of Sakamoto et al (1977) fall 
beyond a shear velocity Reynolds number of about 6xl02. 
Further work is, however, required to determine the 
critical Reynolds numbers and drag coefficient profiles in 
the supercritical ranges for each boundary layer flow. 
Critical flow conditions are investigated in section 5.2.4
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where the effects of model surface roughness in simulating 
supercritical flow conditions at low Reynold numbers are 
discussed.
5.2.2 Near wake measurements
Centre-line profiles of mean velocity downstream of the 
two-dimensional smooth models in the thin boundary layer, 
are shown in Figures 32, 33 and 34, for types I, II and
III, respectively. The results were obtained from pulsed- 
wire anemometer measurements undertaken at a freestream 
velocity of 10 m/s (Re= 6.6xl04). In the vertical direction, 
the return of the velocity profiles to the clear tunnel 
values take place at a height of about 1.5H for all models. 
However, the more gradual change in the velocity gradient 
of type II model illustrates the longer and vertically 
narrower near wake region associated with the sharp ridge 
separation of flow. The flow pattern on the wake centre­
line of each model is better illustrated by the 
distribution of the mean streamfunctions shown in Figures 
35, 36 and 37. The distance from the lee of each model to 
its respective reattachment zone is clearly identified to 
be about 3.6, 7.4 and 3.2 for models I, II and III,
respectively. The normalised shear layer thickness in the 
vertical plane, Az, as defined in section 4.2.2, are shown 
in Figure 38. The distributions illustrate that models I 
and II have the greatest and smallest shear layer 
thickness, respectively. Also, all models have similar 
growth rate up to a length of about 3H. Further downstream 
however, model II has the smallest growth rate, similar to 
plane mixing layer data, Castro (1973). This is expected if 
the separation from models I and III are accompanied with 
more rapid mixing and greater shear layer curvature.
Figures 39, 40 and 41 illustrate the centre-line profiles 
of longitudinal turbulence intensities in the near wake of
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the models. It can be seen that models II and III have the 
highest (0.08) and lowest (0.04) peak intensities, 
respectively. Also, the dispersion rate of peak intensities 
associated with model II is lower than those of models I 
and III. The positions of these peaks, illustrated in 
Figure 42, are similar over a distance of about 2H for 
models I and III. However, the heights of the maxima 
associated with model I reach the corresponding values of 
models II at about 7H.
Since no other detailed information exist on the turbulence 
quantities in the wake of surface-mounted semi-cylinders, 
the present data will provide a basis for further research 
in this field. Indeed, the previous work on near wake of 
semi-cylinders are limited to velocity profiles in the 
recirculation zone of type I models presented by Sakamoto 
et al (1977) and Toy and Fox (1984). Both sets of data 
provided the extent of the near wake region for a model in 
a single boundary layer. Therefore, no comparison is 
attempted with the present work. *
As outlined in the previous chapter, several techniques 
were employed to investigate the flow around semi-cylinders 
and fence models. At higher Reynolds numbers, comparable to 
those of the quantitative measurements, the oil-ink, cotton 
tufts and smoke-wire methods of flow visualisation provided 
limited information on the extent of the recirculation 
zones. Although no permanent photographic records were 
obtained, due to the practical restrictions of the 
experiments, some interesting characteristics of the flow 
were directly observed. These included the upstream 
recirculation region, surface flow separation, near wake 
recirculation zone and distance to reattachment for smooth, 
two and three-dimensional models. In particular, the 
streamwise extent of the recirculation zones behind the 
two-dimensional models were found j^ o be in agreement with 
the results of pulsed-wire anemometer measurements. The
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only photographic record of visualised flow correspond to 
the flow past a three-dimensional, type I model, mounted on 
a ground board in the freestream. The visualisation was 
obtained by "bleeding" a thin plane of smoke upstream of 
the model and recording the laser-illuminated flow field 
using a fast shutter speed video camera . Plates 10 and 11 
show the photographs of the illuminated plane at centre­
line of a type I model (L/H=4) at a Reynolds number of 2.6 
x 104. The above mentioned features of the flow are clearly 
identified. In particular, the recirculating motion 
immediately upstream of this three-dimensional model was 
observed to be a section through the "horseshoe" vorticity 
around the model and the separated shear layer was found to 
be sharply curved.
The remaining flow visualisation studies correspond to the 
Thymol blue indicator technique. Plates 12 and 13 
illustrate side views of the laminar flow past a three- 
dimensional, type I model (L/H=4) at a Reynolds number of 
about 1.5xl03. The main characteristics of the flow are, 
again, identified in these photographs; generation of the 
upstream horseshoe vortices, separation of a highly curved 
shear layer and formation of trailing vortices. An 
additional feature corresponding to the formation of vortex 
"rings" can be noted in Plate 13 and the third photograph 
of Plate 11. These are bounded, on the upstream side, by 
the horseshoe vortices and on the downstream side by the 
separated shear layer. The rings are subsequently stretched 
and turned in the near wake before being shed in a periodic 
manner similar to those observed in the study of surface 
mounted hemisphere-cylinders by Okamoto (1981) and Savory 
(1984).
In the final part of the preliminary near-wake 
investigation, the flow past a two-dimensional fence, 
fence-model configurations and multiple-span models were
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studied in the water channel employing the Thymol Blue 
indicator method.
Whilst Plates 14, 15 and 16 show typical flow structure 
past these combinations, Figures 43 and 44 illustrate the 
three different flow mechanisms that take place for 
multiple-span and fence-model configurations, respectively. 
In case (a), the separated shear layer from the upstream 
model or fence passes over the downstream model giving rise 
to a condition of "skimming flow" as described by Hussain 
and Lee (1980). The most notable feature of this condition 
is the stable recirculating fluid motion between the 
models. By increasing the spacing a condition known as the 
"wake interference" is arrived at in which the spacing is 
too large for a stable vortex to exist, case (b). On the 
other hand, there is not sufficient space for the full 
development of the recirculation bubble of the upstream 
model/fence. Increasing the spacing further provides the 
required space in which the flow reattaches back onto the 
ground plane before reaching the downstream model, case 
(c), where an "isolated flow" condition exists. The main 
investigations on shelter and shielding effects concentrate 
on cases (a) and (b) in each configuration.
5.2.3 Separation/reattachment studies
The apparatus described in section 3.8 was used to locate 
the positions of flow separation from the surfaces of 
smooth two and three-dimensional models of types I and III 
in the thin boundary layer. In addition, the distance to 
reattachment downstream of models of all three types of 
geometries were measured using the same instrument. This 
section presents and discusses the results of these 
measurements.
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Initially, the results corresponding to the centre-line of 
each model, together with those derived from earlier 
sections are presented in the following table;
Geometry L/H 0/ 0S°* Xr/H Xr/H**
I 2D 115 117 3.5 3.4
4 120 118 1.7 1.7
3 120 118 1.3 1.3
2 120 118 1.0 .... 1.0
1 . 120 1 1 8 0.5 0.5
II 2D 90 7.5 7.8
4 90 3.2 3.3
3 90 _  ' 2.5 2.4
2 90 2.0 2.0
1 90 __ 1.5 . 1.6
III 2D 115 115 3.0 3.0
4 120 118 1.5 1.6
3 120 116 1.3 1.2
2 120 118 l . C L 0.9
. 2__ ...12 Q_ ... ,,116_ . 0.5 0.4
* From Niemann Construction (see 4.3.1). 
** From Pulsed-wire measurements
It can be noted from the results that the elevation angle 
of flow separation from all models of types I and III is 
about 115 to 120 degrees. Also, for a given geometry, the 
reattachment lengths increase with increasing aspect ratio 
up to 3.5H, 7.5H and 3.OH for two-dimensional models of
types I, II and III, respectively.
In general, the separation angles, measured with an 
accuracy range of ±5°, are in good agreement with those 
obtained by using the construction outlined in 4.3.1, 
Niemann (1971). Also, the reattachment lengths are within 
0.2H of those obtained from the mean velocity measurements 
of section 5.2.2.
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As a typical example, the procedure in estimating the 
points of flow separation associated with two-dimensional 
models of types I and III are shown in Figure 45. The 
corresponding positions of flow reattachment for all three 
geometries, were obtained from Figure 46.
The locations of flow separation on the overall surfaces of 
all the three dimensional smooth models of types I and III 
are marked on the plan diagrams presented in Figures 47 and 
48, respectively. It can be noted that, for both 
geometries, the separation point near the ends of the 
models are located further upstream (0S=1OO° to 110°). This 
is due to the influence of the sharp edge separation at the 
model ends with subseguent higher local velocities 
promoting earlier separation.
The corresponding positions of flow reattachment on the 
ground plane downstream of each model are presented in 
Figures 49, 50 and 51 for all smooth models of types I, II 
and III, respectively. The results indicate that the
reattachment lengths increase with increasing aspect ratio. 
Furthermore, for a given geometry, the difference between 
reattachment lengths in the lateral direction are 
significant and increase with increasing aspect ratio of 
the model.
5.2.4 High Reynolds number flow simulation
In this section the effects of strip and overall surface 
roughness on the mean centre-line pressure distribution of 
a two-dimensional type I model are investigated. Values of 
Reynolds numbers in the study are based on the diameter of 
the model and the freestream velocity. Initially, the
influence of a mounted strip of roughness with e/D = 0.01
and 0.005 are investigated. Figure 52 illustrates the
pressure distributions on the model with a strip of
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roughness ratio 0.01 placed at different elevation angles. 
The corresponding variation of the pressures on the model 
with distributed roughness are also incorporated in this 
Figure.
It can be seen that as the elevation angle of the roughness 
strip increases, the value of the peak suction decreases, 
approaching that of the model with distributed roughness. 
It is also evident that the position of the flow separation 
moves upstream with this increase, indicating earlier 
transition to turbulence of the boundary layer flow on the 
model's surface. The transition occurs due to the
thickening of the surface boundary layer caused by the
roughness strip. In contrast to the findings of Nakamura 
and Tomonari (1982) using circular cylinders in uniform 
flow, the presence of the roughness elements on the 
downstream surface does not have a significant influence on 
the base pressure of the model. However, the considerable 
variations of the local lift and drag coefficients, shown 
in Figures 53 and 54, indicate that the peak values 
occurring at a strip elevation angle of 70 degrees 
correspond to a postcritical flow condition at the
subcritical test Reynolds number of 1.31 x 105, for both 
roughness sizes. Indeed, the decrease of the drag
coefficient over the possible range of Reynolds numbers 
(1.31 x 104 to 1.31 x 105) for the model with the strip 
roughness ratio of 0.01 can be seen in Figure 55. This 
diagram clearly indicates that a strip at 30-45 degrees has 
little effect on the boundary layer development and flow 
separation. Also, the critical Reynolds number is achieved 
by using either a strip at 50-65 degrees or a distributed 
roughness. Both cases produce a critical Reynolds number of 
3.8 x 104. The centre-line pressure distributions for the 
model with distributed surface roughness, Figures 56 and 
57, illustrate the range over which the distribution is 
independent of the Reynolds number.
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A repeat of the above mentioned study in the rough boundary 
layer produced results that confirmed the general trend of 
the surface roughness method in simulating high Reynolds 
number flow conditions. Figures 58 and 59 illustrate the 
pressure distribution of the model with distributed surface 
roughness in the rough boundary layer. The pressure 
distributions and the corresponding drag coefficient were 
found to remain constant after reaching the critical 
Reynolds number.
The critical Reynolds number measured in the present work 
is directly comparable to those reported by previous 
workers. In the study of semi-cylindrical barrel vaults 
with a surface roughness ratio of 0.007-0.013 in an almost 
identical rough boundary layer, Wong (1981) measured the 
critical Reynolds number to be 5 x 10“. Furthermore, Savory 
(1984) measured the critical Reynolds number to be 5.7 x 10“ 
for a hemisphere in a thin boundary layer identical to that 
in the present work.
The above results indicate that critical drag coefficients 
can be achieved in the case of two-dimensional transverse 
flows over a model with distributed roughness or a model 
with a strip roughness at an elevation angle of 50-65 
degrees. For models in three-dimensional flow, however, 
there are considerable difficulties in placing individual 
roughness strips in exactly the correct positions. 
Particulary, in the investigation on the effects of the 
approach flow angle, carried out later, it was found that 
different strip positions had to be used for different 
angles of approach flow. In view of this, the remaining 
parts of the present work were carried out on models with 
distributed surface roughness.
115
5.3 Semi-Cylinders in Turbulent: Boundary Lavers
5.3.1 Mean surface pressure measurements
In this section, the results of the main pressure 
measurements undertaken on all rough models in the rough 
boundary layer are discussed. The discussion is then 
followed by a comparison of the present results with those 
contained in the design codes and the data from previous 
full-scale, numerical and wind-tunnel investigations.
The pressure, drag and lift coefficients presented in this 
section correspond to the freestream dynamic pressure at a 
single Reynolds number of 6.6 x 104 based on the heights of 
the models and a freestream velocity of 10 m/s. Values of 
diametrical Reynolds numbers are 1.31 x 105, 1.03 x 105 and 
1.64 x 105 for models of types I, II and III, respectively. 
As discussed in section 5.2.4, all pressure distributions 
at these Reynold numbers are post-critical.
Figures 60, 61, 62 and 63 illustrate the overall pressure 
distributions on all three dimensional, rough, type I 
models of aspect ratios 1, 2, 3 and 4 with the flow at 90° 
to the longitudinal axes of the models. In addition, the 
influence of flow direction on the pressure distribution of 
model with aspect ratio 4 is shown in Figures 64, 65, 66 
and 67 with flow at 30, 45, 60 and 90 degrees to the
longitudinal axis of the model. The corresponding surface 
pressure distributions for type II and type III models are 
presented in Figures 68 to 75 and 76 to 83, respectively.
For transverse flow direction, the diagrams show that for 
all three types, the extent of the positive pressure 
regions are similar for models with the same aspect ratio, 
ranging to an elevation angle of about 42°. The magnitude 
of the maximum pressure coefficients range from 0.30 for
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models with aspect ratio of 1 to 0.40 for the models with 
aspect ratio of 4.
The peak suctions for types I and III are influenced in a 
similar manner to those on smooth models. That is, with 
increasing aspect ratio, the magnitude of the peak suction 
coefficient increases, ranging from -0.40 to -0.60 for type
I models and from -0.4 to -0.50 for models of type III. The 
plateau in the centre-line pressure profiles of the type 
III models presented earlier are characterised by the 
secondary set of suction contours on the leeward surfaces 
of all type III models. The value this pressure coefficient 
is approximately -0.30.
For all model geometries, the magnitude of the base 
pressure coefficient is about -0.20 irrespective of the 
aspect ratio. However, the extent of the base pressure 
regions are different for each geometry, depending on the 
position of the flow separation line. In the case of type
II models, the base pressure is equal to the peak suction 
and extends from the ridge, where the flow separates, over 
the entire leeward surface. For all type I models, the 
location of the separation line, using Niemann (1971) 
construction, is measured to occur at an elevation angle of 
95-100°. Compared to the corresponding values for the 
smooth models (115-120°), the results follow the same 
pattern as those of cylinders in uniform flow, Achenbach 
(1971), and surface-mounted hemispheres, Savory (1984).
The effects of changes in flow direction on the overall 
pressure distributions are characterised by an increase in 
the magnitude of the peak suction and a gradual and 
systematic increase in the area of negative pressure. In 
the case of type II model at 45°, Figure 73, the sharp 
ridge separation gives rise to high suctions (Cp«-0.9) which 
*are less noticeable at 60° and not present at all-in other 
cases. It would appear that the sharp ridge of this model
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is producing a very strong vortex along the ridge. With the 
flow parallel to the longitudinal axes of the models, the 
entire surfaces of the models, except the front end-wall, 
are subject to suction.
For transverse flow directions, end-wall pressures are 
similar for all models, ranging from 0.40 on the windward 
regions to -0.05 on the leeward side. Changes in the flow 
direction result in an increase in the magnitude of the 
pressures on the windward wall up to a maximum pressure 
coefficient of 0.40 with the flow parallel to the 
longitudinal axis.
The results of the mean surface pressure measurements 
undertaken in the present work represent the most extensive 
set of data presented to date. A survey of a small number 
of current design codes, which contain wind loading data, 
in section 2.5, outlined the extent of the existing data 
which were found to be limited and over-simplified. For 
example, the values of the mean pressure coefficient on the 
windward quarter of a structure of semi-circular cross- 
section (Type I) given by such codes are generally in the 
region of 0.6 to 0.7, ASCI (1961), ANSI (1982), AS1170, 
Russian Code and IS875. The corresponding pressure 
coefficients for the central half and leeward quarter are -
1.2 to -0.55 and -0.5 to -0.2, respectively. Other design 
guides such as the Wind Loading Handbook, Newberry and 
Eaton (1974), Designers Guide to Wind Loading, Cook (1990) 
and the new BS6399 (1991) Code of Practice, do not contain 
any direct information on wind loading of semi-cylindrical 
structures. Indeed, the only set of design information for 
semi-cylinders is given inconclusively by Cook (1990) who 
proposed to use the centre-line pressure data of hemi­
spheres .
Of the wind tunnel investigations reviewed in sections
2.3.2 and 2.5.2, the results of Wong (1981), Ng (1983) and
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Johnson et al (1985) are comparable to the results of type
I models in the present work. For transverse wind 
direction, Wong reported values of maximum, minimum and 
base pressure coefficients of 0.47, -1.75 and -0.53 for a 
two-dimensional model in smooth flow. The corresponding 
values in the rough boundary layer were found to be 0.47, - 
1.26 and -0.71. From measurements undertaken in scaled 
atmospheric boundary layers, Ng (1983) reported a series of 
results corresponding to open country (H/6=0.0279) and 
suburban (H/6=0.0226) terrains. The maximum, minimum and 
base pressure coefficients of a type I model (L/H=l) in 
both flows were measured to be 0.25, -0.25 and -0.25, 
respectively. It was not possible to carry out a direct 
comparison between the results of Ng and those from the 
present work due the different approach flow conditions and 
the limited number of geometrical parameters investigated 
by Ng. However, the general trend established by the 
effects of changes in flow direction upon the mean surface 
distributions were found to be similar. In addition, 
further work was undertaken by Johnson et al (1985) with 
the same flow and model arrangements as those of Ng. Whilst 
highlighting the Reynolds number dependency of pressure 
distribution on a model in transverse flow, Johnson et al 
gave values of 0.4 to 0.6, -1.2 to -0.4 and -0.4 to .-0.2 
for maximum, minimum and base pressure coefficients, 
respectively.
Amongst the full-scale studies mentioned in section 2.5.1, 
the most comparable sets of data are those of Grillaud 
(1981) and Hoxey and Richardson (1984). The two sets of 
results, corresponding to a type I structure at zero angle 
of incidence, are similar to each other with maximum, 
minimum and base pressure coefficients of about 0.4, -0.8 
and -0.4, respectively. The mean surface pressure 
coefficients from the work of Hoxey and Richardson on types
II and III geometries indicate that the maximum and base 
pressure coefficients are in agreement with those of the
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present rough models, 0.40 and -0.40, respectively. The 
peak suction coefficients of -0.60 and -1.2 are, 
however, greater than those of the present study, -0.30 to 
-0.20 and -0.40 to -0.75 for types II and III, 
respectively, in all cases of flow and model aspect ratio.
As mentioned in section 2.3.2, there have been very few 
studies associated with numerical modelling of flow around 
semi-cylinders. Mathews and Meyer (1987) used a semi-
implicit method to solve the Navier-Stokes and continuity
equations, together with the K-e model for simulating 
turbulence. The results, corresponding to centre-line mean 
pressure coefficients on a type I model, compared well with 
those of Hoxey and Richardson (1984) with almost identical 
pressure distributions. However, the applicability of their 
method in deriving surface pressures is questionable. This 
can be attributed to the non-inclusion of upstream
horseshoe vortex in modelling the flow and their conclusion 
that the surface pressures on semi-cylindrical structures 
were largely unaffected by the Reynolds number.
The clear discrepancies that exist between the different 
wind tunnel results and between full-scale and wind tunnel 
results are mainly due to the different approach flow
conditions used in the experiments. With regard to the mean 
surface pressure coefficients, the most influential 
parameters are the velocity profile of the approach flow 
which effects the magnitude of the reference pressure, 
together with turbulence intensity and length scales which 
are particularly important for low-rise structures.
Whilst no attempt was made in the present work to simulate 
the atmospheric boundary layer, the results provide the 
basis for further work in this field. The influence of 
geometry, approach flow conditions, Reynolds number, 
surface roughness and flow angle, as identified by the 
present study, may be utilised in a more realistic
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investigation of semi-cylindrical structures in simulated 
atmospheric flows. Particularly, the present results will 
be valuable for numerical modelling of such flow 
configurations.
The following tables summarise the characteristic mean 
pressure parameters and loading coefficients for the 
complete sets of results of all pressure measurements 
undertaken on two and three-dimensional rough models in the 
three boundary layers in the present work. Each coefficient 
is tabulated and represented as a function of the model 
type, approach flow, model aspect ratio and flow direction. 
Lift and drag coefficients for three-dimensional models 
were derived from the overall surface pressure coefficients 
whilst those of the two-dimensional models relate to 
centre-line data.
CHARACTERISTIC PARAMETERS OF ROUGH, TYPE I MODELS
Boundary
Laver
L/H = 1 2 3 4 4 4 4 4 2D
FLOW ANG LE: 0 30 45 60 90
Cpmax
Thin 0.52 0.52 0.50 0.49 0.54 0.58 0.47 0.50 0.48
Smooth 0.40 0.41 0.43 0.44 0.43
Rough 0.31 0.33 0.34 0.38 0.51 0.42 0.33 0.37 0.39
Cpmin
Thin -0.58 -0.60 -0.63 -0.72 -0.80 -0.85 -0.84 -0.76 -0.78
Smooth -0.49 -0.56 -0.58 -0.67 -0.73
Rouqh -0.42 -0.51 -0.56 -0.61 -0.70 -0.73 -0.74 -0.52 -0.66
Cpb
Thin -0.30 -0.30 -0.30 -0.30 -0.30
Smooth -0.25 -0.25 -0.25 -0.25 -0.25
Rouah -0.20 -0.20 -0.20 -0.20 -0.20
Cl
Thin 0.29 0.30 0.32 0.34 0.37 0.49 0.48 0.64 0.28
Smooth 0.18 0.21 0.22 0.24 0.20
Rough 0.15 0.16 0.17 0.18 0.22 0.32 0.29 0.48 0.18
Cd
Thin 0.32 0.33 0.35 0.38 0.41 0.43 0.48 0.58 0.28
Smooth 0.19 0.22 0.24 0.27 0.21
Rough 0.15 0.17 0.18 0.21 0.25 0.28 0.31 0.44 0.19
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CHARACTERISTIC PARAMETERS OF ROUGH, TYPE II MODELS
Boundary L/H = 1 2 3 4 4 ~ 4 4 4 2D
Laver FLOW ANGLE: 0 30 45 60 90
Thin 0.52 ' 0.51 0.50 0.49 0.53 0.57 0.45 0.51 0.48
Cpmax Smooth 0.40 0.41 0.43 0.44 0.43
Rouah 0.31 0.33 0.33 0.34 0.35 0.35 0.34 0.44 0.39
Thin -0.28 -0.29 -0.29 -0.30 -0.59 -1.08 -0.61 -0.78 -0.32
Cpmin Smooth -0.24 -0.25 -0.26 -0.26 -0.26
Rouah -0.20 -0.20 -0.22 -0.20 -0.44 -0.91 -0.45 -0.63 -0.22
Thin -0.30 -0.30 -0.30 -0.30 -0.30
Cpb Smooth -0.25 -0.25 -0.25 -0.25 -0.25
Rouah -0.20 -0.20 -0.20 -0.20 -0.20
Thin 0.23 0.23 0.22 0.21 0.33 0.57 0.52 0.63 0.21
Cl Smooth 0.23 0.23 0.22 0.21 0.21
Rouah 0.23 0.23 0.22 0.21 0.32 0.52 0.47 0.49 0.20
Thin 0.57 0.57 0.56 0.56 0.59 0.62 0.61 0.60 0.56
Cd Smooth 0.57 0.57 0.56 0.55 0.55
Rough 0.57 0.56 0.56 0.55 0.57 0.60 0.57 0.51 0.55
CHARACTERISTIC PARAMETERS OF ROUGH, TYPE III MODELS
Boundary
Laver
L/H = 1 2 3 4 4 4 4 4 2D
FLOW ANGLE: 0 30 45 60 90
Cpmax
Thin 0.52 0.52 0.51 0.50 0.54 0.58 0.47 0.50 0.48
Smooth 0.39 0.39 0.38 0.38 0.40
Rouah 0.31 0.33 0.41 0.40 0.49 0.42 0.35 0.41 0.38
Cpmin
Thin -0.56 -0.58 -0.59 -0.62 -0.64 -0.75 -0.65 -0.73 -0.74
Smooth -0.47 -0.48 -0.50 -0.51 -0.67
Rouah -0.41 -0.43 -0.51 -0.53 -0.55 -0.63 -0.52 -0.51 -0.60
Cpb
Thin -0.30 -0.30 -0.30 -0.30 -0.30
Smooth -0.25 -0.25 -0.25 -0.25 -0.25
Rouah -0.20 -0.20 -0.20 -0.20 -0.20
Cl
Thin 0.28 0.30 0.23 0.35 0.41 0.53 0.49 0.67 0.30
Smooth 0.17 0.20 0.22 0.26 0.22
Rouah 0.16 0.18 0.19 0.20 0.24 0.34 0.30 0.50 0.19
Cd
Thin 0.33 0.35 0.37 0.40 0.42 0.45 0.52 0.60 0.32
Smooth 0.22 0.24 0.27 0.30 0.23
Rough 0.16 0.19 0.20 0.22 0.28 0.31 0.33 0.45 0.20
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With increasing momentum of the approach flow, the 
magnitudes of the stagnation pressure and peak suction 
increase significantly. However, the increases in the 
magnitude of the base pressures are small but identical for 
all three types of geometry. In addition, the lift and drag 
coefficients for type I and III models increase whilst 
those of type II models remain fairly unchanged.
The effects of increasing aspect ratio are slight on the 
maximum positive pressures, base pressures and the 
associated values of lift and drag coefficients of models 
in a single boundary layer. However, in the case of type I 
and III models, there is a considerable increase in the 
magnitude of the peak suctions which eventually reach those 
of the corresponding two-dimensional models.
The significant changes occurring in the magnitudes of the 
peak pressure coefficients as the flow direction is varied 
are characterised by the magnitude of the associated lift 
and drag coefficients. For all models in a single boundary 
layer, the maximum lift and drag coefficients are similar 
and occur with the flow parallel to the longitudinal axes 
of the models. With flow at 90° to the models, all type II 
models have lower lift and higher drag coefficients than 
those of types I and III.
The considerable changes in the magnitude of these loading 
coefficients for the different type models in a single 
boundary layer are due to the location of flow separation 
and the structure of the near wake flow which are examined 
in the following section.
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5.3.2 Near wake measurements
In this section the results obtained from the investigation 
of the near wake flow associated with the rough models in 
the thin and rough boundary layers are discussed. All the 
measurements were carried out at a Reynolds number of 6.6 
x 104, based on the heights of the models and a freestream 
velocity of 10 m/s. Initially, profiles of mean. velocity 
and turbulence intensity are presented, together with the 
mean streamline patterns for the rough two-dimensional 
models in both boundary layers. From these, the effects of 
cross-sectional geometry are examined and the results are 
compared to those of the corresponding smooth models
discussed in the preliminary investigation, Section 5.2.2.
Finally, results associated with the rough three-
dimensional models in the rough boundary layer are 
presented and discussed.
Figures 84, 85 and 86 illustrate the mean longitudinal
velocity profiles on the wake centre-line for two-
dimensional rough models of types I, II and III, 
respectively. Each figure presents the results of 
measurements undertaken in the thin and rough boundary 
layers.
In order to examine the effects of surface roughness on the 
near wake flow regime of the three models, the results 
associated with the thin boundary layer are first compared 
with those of the smooth models in the thin boundary layer, 
presented earlier in Section 5.2.2. It can be noted that, 
in general, the positions of maximum shear in the lee of 
models I and III are further away from the wall in the case 
of rough models with subsequently longer reattachment 
lengths. Therefore, the earlier flow separation promoted by 
the surface roughness on these models produces a shear 
layer with more curvature. The higher curvature -.of the 
shear layer and the longer reattachment length, indicate
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that the surface roughness gives rise to a much sharper 
separation angle than that of the smooth model. The 
recirculation region of model II, however, is largely 
unaffected by the presence of the surface roughness due to 
the fixed position of flow separation at the ridge.
Comparing the results corresponding to the rough models in 
the thin and rough boundary layers, it can be seen that the 
longitudinal extent of the wake regions associated with the 
thin boundary layer are greater than those for the rough 
flow. However, the position of the shear layer is 
substantially unchanged for all three models. As a result 
of the greater momentum contained in the thin flow, the 
magnitude of the reversed flow velocities are higher in 
this boundary layer, 0.30U, than in the rough boundary 
layer, 0.15U. This trend is similar to that observed for 
surface-mounted three-dimensional bodies such as cubes, 
Castro and Robins (1977) and hemispheres, Savory (1984) .
The streamline patterns computed from the velocity profiles 
confirm the above findings, Figures 87-92. It can be seen 
that the distances to the reattachment zone for the models 
in the thin boundary layer are approximately 6.3H, 7.6H and 
6.2H for types I, II and III, respectively. Comparing these 
values with those of the smooth models; 3.4H, 7.8H and
3.OH, presented in Section 5.2.2, illustrates more clearly 
the effects of surface roughness on the early flow 
separation and the subsequent formation of the near wake 
flow regime with greater longitudinal length.
Considering the influence of upstream boundary conditions, 
it can be noted that the position of the flow separation is 
largely unchanged for models I and III verifying the 
results of the pressure measurements discussed in Section 
5.3.1. The effects on the size of the recirculation zone 
and the volume of the recirculating fluid are, however, 
significant. The reattachment lengths are considerably
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smaller for models in the rough boundary layer, 4.8H, 5.8H 
and 4.6H for types I, II and III, respectively. This is due 
to the increased turbulence scale and intensity of the 
rough boundary layer which give rise to a thicker separated 
shear layer with greater curvature resulting in a reduction 
in the extent of the recirculation zone. However, the 
maximum values of the streamfunction are higher in the thin 
boundary layer flow showing a greater amount of fluid 
recirculating in the near wake. This rise is due to the 
higher momentum of the thin profiles which is directly 
related to the increased amount of the recirculating fluid.
The corresponding profiles of longitudinal turbulence 
intensities in the near wake of the two-dimensional rough 
models in the thin and rough boundary layers are shown in 
Figures 93, 94 and 95 for types I, II and III,
respectively. Comparing the profiles associated with the 
thin boundary layer to those of the smooth models in the 
same approach flow presented in Section 5.2.2, it can be 
seen that the dispersion of the peak intensities in both 
cases are gradual and similar to those related to two- 
dimensional steps and blocks. However, as expected, the 
positions of the peaks are slightly further from the wall 
for the rough models due to earlier flow separation. The 
effects of the model geometry on the distribution of the 
profiles are similar to those of smooth models. The highest 
(up to about 0.08) and lowest (up to about 0.05) peak 
values correspond to models II and III, respectively with 
model II having the lowest diffusion rate. For each 
geometry, the narrower shear layer associated with the thin 
boundary layer wake generates higher peak intensities.
The discussion, thus far, has examined the flow in the near 
wake of the two-dimensional models. The remainder of this 
section assesses the recirculation region of three- 
dimensional models with aspect ratio of 4 in the rough 
boundary layer.
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Figures 96, 97 and 98 show the mean longitudinal velocity 
profiles on the wake centre-line for models of types I, II 
and III, respectively. It can be seen that for each 
geometry, the longitudinal extent of the recirculation 
region is about 60% of that of the corresponding two- 
dimensional model. A similar set of results were obtained 
by Toy and Fox (1984) who investigated the near wake 
regions of rough, two and three-dimensional barrel vaults 
in a flow identical to the smooth boundary layer used in 
the present work. In the vertical direction, however, the 
recirculation region is wider due to the presence of a more 
highly curved separated shear layer. The flow within the 
near wake is more intense for the three-dimensional models 
with higher reversed flow velocities. This fact is depicted 
in the distributions of the mean streamline patterns for 
each of the three models, Figures 99, 100 and 101.
Profiles of the longitudinal turbulence intensities on the 
wake centre-line of the three-dimensional models are shown 
in Figures 102, 103 and 104. In comparison to those of the 
two-dimensional models, the more rapid dispersion of the 
profiles towards the wall is a prominent feature of the 
flow. As in the case of the two-dimensional models, the 
diffusion rate of the turbulence intensities in the wake of 
type II model is lower than those of model types I and III.
The present results were limited to centre-line 
measurements of flow quantities. Whilst, a good general 
illustration of the near wake flow was provided for both 
two and three-dimensional models, a better understanding of 
the physical process of entrainment into the recirculation 
region of the three-dimensional semi-cylinders requires a 
more comprehensive set of measurements of all velocity 
components in several vertical planes. Such measurements 
would provide information on the near wake turbulent shear 
stress and kinetic energy distributions as well, as detailed 
information on vorticity mechanisms.
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The following section discusses the results of measurements 
carried out in estimating the position of flow 
reattachments.
5.3.3 Separation/reattachment measurements
In this part of the discussion the results of measurements 
undertaken for estimating the location of points of flow 
separation and reattachment associated with two and three- 
dimensional rough models of all three geometries are 
reported.
The process of locating the points of flow separation from 
the model surfaces (types I and III) were limited to the 
centre-line of each model due to reasons outlined in 
Section 4.3.2. Whilst the separation angle from the 
pressure measurement data, Section 5.3.1, were estimated to 
be 95-100°, the results using the Separation/Reattachment 
probe were found to have a discrepancy of about ±10°. In 
view of this, the remaining part of the present section 
discusses the results of studies on flow reattachment.
Figures 105, 106 and 107 illustrate the estimated points of 
flow reattachment in the wake of rough two and three 
dimensional models of types I, II and III, respectively. 
The results which correspond to the thin boundary layer 
flow show that the reattachment length increases with 
increasing aspect ratio for each type of geometry. Toy and 
Fox (1983) measured the increase in reattachment length to 
be linearly related to the length/diameter ratio on the 
wake centre-line of models similar to the present type I 
models. Compared to the results of smooth models presented 
in Section 5.2.3, the reattachment lengths can be seen to 
be higher. However, the data associated with models in the 
rough boundary layer showed a marked reduction in line with
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the results of the wake measurements, Figures 108, 109 and 
110.
In general, the difference between the results obtained 
from the Separation/Reattachment instrument and the Pulsed- 
wire measurements are within 5-8% for the three-dimensional 
models and 2-3% for the two-dimensional models. However, 
there is considerable scope for further development of the 
heated element probe with regard to the physical size and 
methods of automatically repositioning the probe. The 
performance of the instrument for estimating the 
reattachment lengths used in the present work wag 
satisfactory and the data obtained were useful for 
determining the scope of the next main investigation which 
is discussed in the following sections.
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5.4 Shelter Effects on Semi-Cylindrical Structures
5.4.1 Effects of artificial windbreaks
This section examines the effects of two-dimensional fences 
upon the centre-line pressure distribution on the three- 
dimensional (L/H=4), rough model of type I in the thin 
boundary layer. The results correspond to a Reynolds number 
of 6.6 x 104 based on the height of the semi-cylindrical 
model and a freestream velocity of 10 m/s. Initially, the 
wake flow behind a typical solid fence is examined. This is 
followed by an assessment of the influence of fence height 
and fence/model spacing on the pressure distribution of the 
model. Finally, the near wake flow regime of porous fences 
and their effects on the pressure distribution of the model 
are investigated.
Figure 111 illustrates the mean longitudinal velocity and 
turbulence intensity profiles on the wake centre-line of a 
two-dimensional solid (6=0) fence of height (h) 95mm. It 
can be noted from the velocity profiles that high reversed 
flow velocities are present within the wake recirculation 
region. The maximum value was measured to be 0.58U 
occurring close to the ground plane at a distance of X=6.7h 
downstream of the fence. The reattachment length of the 
flow is at 11.8h from the fence with subsequent increase in 
velocities to a value of 0.62U at X=20h.
The distribution of turbulence intensity profiles are 
comparable to those of the two-dimensional type II model. 
It can be noted that whilst the maximum value of turbulence 
intensity remains below 0.032 up to a distance of 5h, the 
gradual widening and dispersion of the peaks results in an 
increase in the magnitude of the maximum intensities nearer 
to the ground plane, up to 0.058 at X=20h.
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The present results may be compared to numerous sets of 
existing data, several of which were outlined in sections
2.2.1 and 2.6-1- The most notable study of a normal flat 
plate in uniform flow is that of Arie and Rouse (1956) who 
measured the reattachment length of the separated flow onto 
a long rear splitter plate to be 17h, at a Reynolds number 
of about 105. More recently and using a similar 
configuration, Castro and Haque (1987) and Jaroch and 
Fernholz (1989) showed that the separated shear layer 
bounding the highly turbulent reverse flow had many 
features that were quite different from the plane mixing 
layer. The reattachment lengths reported by these workers 
were 19.2h and 25h for freestream turbulence levels (v/lp/U) 
of 0.25 and 0.08, respectively. Furthermore, it was found 
that the characteristics of the flow were similar to the 
near wake flow regime of surface mounted fences. The 
longitudinal extent of such flows, reported by several 
workers, were about 13h to 14h for smooth flows, Good and 
Joubert (1968) and 9h to 14h, Raine and Stevenson (1977) 
for rough boundary layers flows. In addition, it was shown 
that whilst the approach flow turbulence and blockage 
effects are not insignificant parameters, the extent of the 
near wake region of fences are largely affected by the 
ratio of fence height to boundary layer thickness.
As the scope of the present study is limited to the 
examination of shelter effects on semi-cylindrical surface- 
mounted bodies, the investigation is confined to a set of 
parametric studies undertaken in the thin boundary layer.
The distribution of mean centre-line pressure coefficients 
on the three-dimensional (L/H=4) rough model of type I at 
three distances downstream of the two dimensional solid 
fences of heights 60, 95 and 120 mm are shown in Figures 
112, 113 and 114, respectively. The three values of
fence/model spacing relate to the position of the model in
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relation to the reattachment of flow over each fence? 
upstream, over and downstream of flow reattachment zone.
It can be noted that the magnitude of the surface pressure 
coefficients are generally reduced except at small spacings 
(X/h=l), where windward surface and base pressures reach 
greater values than those of the unsheltered model. The 
reattachment of the separated flow onto the model is 
characterised by a pressure gradient which is present in 
all of the distributions of the 60mm (h/H=0.63) fence.
A common feature of all three sets of pressure 
distributions is the presence of different critical 
spacings for each of the main pressure parameters (minimum, 
maximum and base pressure coefficients). Additionally, the 
local lift and drag coefficients, shown in Figure 115, 
provide the local loading of the sheltered model. It can be 
noted that whilst the magnitude of the local drag 
coefficient is below that of the unsheltered model, the 
variation in the value of the lift coefficient falls below 
that of the unsheltered model at fence/model spacing of 
about 5.2h, 8.7h and 10.4h for fence heights of 0.63H,
1.00H and 1.26H, respectively. Furthermore, it can be 
concluded that within the thin boundary layer, the minimum 
uplift is achieved at a distance of about 14h, 18h and 22h 
downstream of the three solid fences of h/H ratios of 0.63,
1.00 and 1.26, respectively.
The final part of the present section examines the near 
wake flow regime of two-dimensional fences of porosity 0.25 
and 0.50 and their effects on the pressure distribution of 
the model. Figure 116 illustrates the mean longitudinal 
velocity profiles on the centre-line of the porous fences 
together with those of the solid fence. The distributions 
show that no reverse flow takes place downstream of the 50% 
porous fence. The reversed velocity field in the wake^ of 
the fence with 25% porosity is accompanied by an initial
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region of streamwise flow immediately downstream of the 
fence. This region extends to a distance of about 2h 
downstream of the fence with the velocities reaching a 
maximum value of 0.18U. Beyond this region, the velocity, is 
rapidly decreased and a relatively small recirculation 
field is formed.
The modified centre-line pressure distributions of the 
model sheltered by the porous fences at a single spacing of 
lOh are shown in Figure 117. The variation in the magnitude 
of the positive pressure, peak suction and base pressure 
indicate that with the present fence/models 
characteristics, the 25% porous fence affords the optimum 
shelter in terms of the reduction in the values of the 
pressure parameters.
Whilst numerous workers have investigated the shelter zone 
of artificial windbreaks, the only set of results 
associated with shelter effects on semi-cylindrical 
structures are the full-scale data of Richardson (1986). 
Using a 50% porous fence (h=0.67H) at distances 3.75h and 
7.5h, Richardson measured the distribution of mean surface 
pressure coefficient on a sheltered type I greenhouse 
structure. Net pressure coefficients incorporating both 
external and internal mean pressure coefficients were 
presented. Derived from this work, the significant external 
mean surface pressure coefficients are given in the 
following Table;
Unsheltered Sheltered 
S= 3.75h
Sheltered 
S= 7.5h
c 0.45 -0.14 COo•01
Upmin i o • (ji i o • O -1.03
Upb -0.45 1 O to (J1 l o • u>
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Although the above data are limited to single values of 
fence height and porosity, the notable reduction in the 
values of pressure coefficients associated with the 
unsheltered structure agree with those obtained from the 
present work. Again, a detailed comparison is not 
appropriate as the data from the present study corresponds 
to the thin boundary layer flow.
Other fence/model configurations will clearly have to be 
investigated in order to obtain the optimum value for each 
of the parameters. The limited study of the present work is 
extended to the case of a sheltered two-dimensional model 
in the next section where the grouping effects of semi- 
cylindrical bodies are examined.
5.4.2 Proximity effects of multiple-span models
In this section the shielding effects produced by grouping 
smooth two-dimensional semi-cylindrical models of all three 
types of geometry in the thin boundary layer are examined. 
All of the results correspond to a Reynolds number of 6.6 
x 104 based on the height of the models and a freestream 
velocity of 10 m/s.
Figures 118, 119 and 120 illustrate the variation in the 
centre-line pressure distribution on models of types I, II 
and III, respectively. For types I and III models, it can 
be noted that as the spacing is increased the pressures on 
the upstream model (a) are not greatly affected. With no 
spacing, almost the entire surfaces of models (b) and (c) 
are subject to suction with peak suctions considerably 
lower than that of an isolated model. With further increase 
in the spacing of the models, the pressure distributions of 
the downstream model approaches that of the isolated case.
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The distributions on the type II models indicate that 
increasing the spacing results in an increase in the base 
pressure of model (a) and an increase in the pressures on 
the upstream face of model (b). In a similar manner, 
increasing the spacing increases the base pressure of model 
(b) and results in an increase in upstream pressures of 
model (c). This distinct trend indicates that the pressure 
distributions reach the values of the isolated model with 
critical conditions prevailing at zero spacing.
The effects of spacing upon the loading are better 
understood by examining lift and drag coefficients for each 
configuration. However, it must be emphasised that these 
coefficients are representative of the external surface 
pressures. For overall loading, particularly lift forces, 
the magnitude of the corresponding internal pressure must 
be taken into consideration. Figures 121, 122 and 123
illustrate the variations with spacing of centre-line lift 
and drag coefficients for models of type I, II and III, 
respectively.
It can be noted that for type I models, the magnitude of 
the load coefficients are generally smaller than those of 
an isolated semi-cylinder, Figure 121. Furthermore, over 
the spacing range of 0.5H to 2.OH, the upstream (a) and 
downstream (b) models each have the highest (0.34 to 0.52) 
and lowest (0.07 to 0.24) lift coefficients, respectively. 
However, whilst the horizontal loading, depicted by the 
drag coefficient, is highest (0.19 to 0.22) for the 
upstream model (a), the middle span model (b) has the 
lowest (-0.08 to 0.03) magnitude of drag coefficient.
Figure 122 indicates that the general trend established by 
the variation of lift and drag coefficients of type II 
models are similar to that of type I. However, lift 
coefficients of the upstream (a) and^niddle span (b) models 
exceed that of an isolated model. In addition, the drag
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coefficient of the middle span model (b) is higher than 
that of an isolated semi-cylinder over the complete range 
of spacings considered in this work.
The variations for type III models, shown in Figure 123, 
are almost identical to those of type I geometry and 
indicate lower values than those of an isolated model. It 
can, therefore, be concluded that the lift and drag loads 
of multiple-span models of types I and III are generally 
lower than the corresponding single-span model of the same 
geometrical cross-section. Semi-cylindrical models of type 
II, however, experience greater wind loads when placed in 
tandem.
The above discussion examined the manner in which the 
pressure distributions are modified by changing the 
, distance between the successive models. The remaining part 
of this section compares the influence of a two-dimensional 
fence and the shielding effects of a two-dimensional rough 
model of type I upon the surface pressure distribution of 
an identical model downstream. It was reported in the 
previous sections that the reattachment lengths 
corresponding to the fence (h=H=95mm) and the present model 
were 12H and 6.5H, respectively. Furthermore, the separated 
shear layer of the fence was found to be positioned higher 
than the curved layer of shearing flow separating from the 
semi-cylinder. These two conditions are, therefore, 
considered as the two extreme cases of a shelter zone with 
no bleed flow.
Figures 124 and 125 illustrate the variation of surface 
pressure coefficients on the two-dimensional model placed 
at various distances downstream of the fence and the 
upstream semi-cylinder, respectively. The results 
correspond to the measurements in the thin boundary layer 
and comparisons are made with thewalues of the unsheltered 
two-dimensional model.
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It is clearly shown that by placing the model inside the 
recirculation zone of either the fence or the upstream 
semi-cylinder, the entire surface becomes exposed to 
negative pressures. The magnitude of these pressures are, 
however, different for each configuration.
In the case of the fence shelter, at small spacings (0.5H- 
1.0H), high uniform suction is present throughout. These 
are similar in magnitude to the peak suction of an 
unsheltered model (Cp= -0.78). The base pressures are well 
below that of the unsheltered model, up to a spacing of 
about 10H.
The distributions of the pressures on the model sheltered 
by the upstream semi-cylinder indicate that though the 
pressures are negative throughout the range, the magnitudes 
are below the base pressure of the unsheltered model. This 
implies that, at least for small spacings, lower uplift may 
be expected for the case of the model sheltered by an 
upstream semi-cylinder. Indeed, the variation of the local 
lift coefficient with spacing, shown in Figure 126, 
confirms that the use of a solid fence placed at 9H 
upstream of the model increases the lift forces. The 
optimum spacing for a fence/semi-cylinder is therefore 
between 15H and 20H, whilst a value of 2H to 3H may be 
assumed as optimum for a two parallel semi-cylinder 
configuration.
The variation with spacing of the local drag coefficients, 
Figure 127, indicates that whilst the horizontal loading is 
below that of the unsheltered case, the spacings at which 
the drag coefficient reaches zero are about 10.5H and 3H 
from the fence and the semi-cylinder respectively. 
Moreover, the negative values of drag coefficients at close 
proximity are indicative of the presence of reversing 
velocities in the lower parts of the recirculation regions.
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The present results showed the extent to which the pressure 
distribution of a semi-cylinder is affected by an upstream 
sheltering body and should provide a good basis for further 
investigation in this field.
5.5 Summary
In this chapter the results of the preliminary study and 
the main investigations have been assessed. The preliminary 
study discussed the mean pressure distributions on semi- 
cylinders placed in a thin boundary layer flow together 
with the magnitudes of the mean velocity and turbulence 
intensities within the near wake of each model. In 
addition, the effects of cross-sectional geometry, surface 
roughness, upstream boundary conditions and Reynolds number 
upon the mean pressure distributions were investigated.
In the first main investigation, the overall pressure 
distributions on all of the semi-cylindrical models used in 
the present work were examined. Furthermore, detailed 
information regarding the mean recirculation region of each 
model geometry was presented and assessed.
In the second main investigation, the results of a series 
of parametric studies on shelter and shielding effects were 
discussed. From these studies, the influence of a number of 
factors upon the load reduction of a semi-cylindrical body 
were examined.
The following chapter presents the main conclusions from 
these results and suggests some of the areas in which 
further investigation would be beneficial.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK
6.1 Conclusions
This chapter describes the main findings from the
measurements of mean surface pressure distributions on
surface mounted smooth and rough semi-cylindrical bodies. 
In addition, the principal features of the near wake flow 
regimes associated with these bodies are given. An 
examination of the significant features of shelter and 
shielding effects are also outlined. Finally, some 
recommendations are given for further work in this field.
In the preliminary study, the fundamental aspects of a 
nominally two-dimensional flow over a semi-cylinder of
semi-circular cross section (type I) were investigated. The 
comparisons made with the case of a cylinder in uniform 
flow revealed the Reynolds number dependency of the 
pressure distributions and the possibility of reducing the 
critical Reynolds number by using artificial surface
roughness. In addition, the effects of cross-sectional 
geometry and aspect ratio and upstream boundary conditions 
were found to be significant on both the surface pressure 
distributions and the near wake recirculation regions.
For a given flow and model aspect ratio, it was found that 
the surface pressures and recirculation regions of types I 
and III were similar. The pressures on type II models were 
significantly different due to the earlier, sharp ridge 
separation of the flow with, longer reattachment lengths.
The effect of increasing the aspect ratio for a given model 
geometry and flow was an increase^in the magnitude of the
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peak suctions with the two-dimensional flow results as the 
limiting case.
Measurements of surface pressures in the three boundary 
layers revealed that, for a given geometry, the magnitude 
of the upstream stagnation pressure and the peak suction, 
together with the base pressure, increased with increasing 
momentum in the approach flow.
The results of the preliminary wake measurements, flow 
visualisation and separation/reattachment studies indicated 
that the shear layers separating from the smooth models of 
types I and III were significantly different to those
associated with steps and blocks hitherto considered by 
other workers. The near wake region of type II models were 
found to be vertically narrower but longitudinally longer 
than those of models I and III.
The examination of the overall surface pressure
distributions on the rough two and three-dimensional models 
in the rough boundary layer together with the studies of 
recirculation regions associated with each model, formed 
the first main investigation. The effects of cross-
sectional geometry and aspect ratio upon the surface 
pressure distributions were found to be similar to those 
corresponding to the smooth models. In addition, study of 
the influence of flow direction on the pressure
distributions of three-dimensional models of all three 
geometries showed that substantial increases take place in 
the magnitude of the peak pressure parameters. Summaries of 
these peak magnitudes together with load coefficients 
derived from the pressure data were presented in tabular 
form.
Near wake measurements of rough models in the thin and 
rough boundary layers revealed ^ that surface roughness of 
models I and III promoted earlier separation of the shear
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layer with a more pronounced curvature which was positioned 
higher than those associated with the smooth models. 
Consequently, the recirculation regions of the rough models 
were found to be greater in the longitudinal direction. 
However, the wake region of type II models was largely 
unaffected by the surface roughness due to the sharp ridge 
separation of flow prior to the flow transition on the 
surface of these models. Furthermore, it was found that for 
a given model geometry, the recirculation regions were 
considerably smaller in the rough boundary layer.
Measurements of turbulence intensities in the wake of the 
two-dimensional models indicated that the dispersion of the 
peak intensities occurred gradually for both cases of 
smooth and rough models, with type II models having the 
lowest rate. For three-dimensional models, however, the 
diffusions were found to be more rapid. Moreover, the 
position of the peaks were measured to be further from the 
wall for the rough models. For a given geometry, the 
narrower shear layer associated with the thin boundary 
layer wake was found to generate higher peak intensities.
In the second main investigation, the pressure distribution 
on type I semi-cylinders, placed downstream of artificial 
windbreak models, were investigated. The effects of
fence/model height ratio and spacing, together with the 
porosity of the fence, were found to be significant for a 
given approach flow. The results of these measurements 
together with those undertaken on multiple-span models 
indicated that three distinct flow regimes existed
depending on the magnitude of the fence/model and
model/model spacing; namely "skimming", "wake interference" 
and "isolated" flows. However, the critical spacings at 
which these different types of flow occur were found to be 
influenced by other factors such as fence height and 
porosity>rIt was found that a fence-model spacing of abouta 
11 to 20 fence heights would afford minimum wind loads.
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However, provision must be made for internal pressures if 
the present data are to be used in the calculation of 
overall loads. For multiple-span models in a cross flow, 
the results showed that the lift forces on models of type 
II may be higher than those of a single-span model. 
However, the pressures on multiple-span models of types I 
and III were found to be lower than those of the 
corresponding single-span models.
6.2 Recommendations for further work
In view of the considerable amount of uncertainty 
associated with the extent to which various parameters 
influence the flow regime around a surface-mounted semi- 
cylindrical body, this thesis has provided an in-depth 
understanding of these influencing parameters. However, 
there remains considerable scope for further investigations 
in this field from the point of view of both building 
aerodynamics and fundamental fluid dynamics.
The effects of cross-sectional geometry on the surface 
pressure distribution and the near wake flow regime may be 
examined further by employing models with porous surface or 
controlled leakage/ventilation. In particular, ridge 
ventilation would be of interest from the point of view of 
building aerodynamics, together with the measurements of 
both mean and fluctuating internal pressures. Measurements 
of time-dependent external pressure quantities would be 
beneficial in a more general study of gusting effects.
The effects of approach flow boundary conditions need to be 
studied with special emphasis on the degree of boundary 
layer immersion and approach flow turbulence. A more 
fundamental study of pressure distributions over a wider 
range of Reynolds number, similar to that which exists for
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cylinders in uniform flow, would also yield useful 
information.
With regard to the three-dimensional flow investigations, 
measurements of all velocity components would provide 
valuable information regarding turbulent shear stress and 
kinetic energy distributions as well as vorticity 
mechanisms. These quantities are of primary importance in 
any mathematical modelling of the flow around semi- 
cylindrical surface-mounted bodies.
Further studies on shelter and shielding effects would be 
useful in deriving shelter parameters related to physical 
dimensions as well as the approach flow characteristics, 
such as boundary layer thickness and turbulence intensity.
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APPENDIX
Separation-Reattachment Instrument
INTRODUCTION
This instrument locates the position of separation and 
reattachment of the flow in wind tunnel studies. By 
providing a voltage (Vi) across an element (eg. a strain 
measuring gauge), the element is heated up and the air 
flowing over the element convects the heat according to the 
flow pattern. By having a thermocouple with two exposed 
junctions of appropriate dimension on either side of the 
element, it is possible to detect a temperature difference 
across the element. This temperature difference produces an 
e.m.f. (VG) which is linearly related to the input power, 
Va2/R for a range of input power. The maximum thermocouple 
e.m.f. is about 200/iV, corresponding to a temperature 
difference of 5°C.
At a separation or reattachment point there is very little 
difference in the temperature of the two junctions since at 
such a point the percentages of the flow moving in the 
upstream and downstream directions are approximately equal. 
By traversing the probe in a given flow and measuring the 
slope of the V0 versus Vx line at each probe position, the 
point of the separation or reattachment is characterised by 
a zero slope. However, as the thermocouple junctions may 
not be identical and positioned at the same distance from 
the element, there exist a small e.m.f. produced by the 
heat conduction through the substrate resulting in a 
non-zero slope. This error may be eliminated by measuring 
the slope with no air flow and subtracting it from all 
subsequent values of slope measurements. Each slope value 
may then be plotted against the distance downstream of the 
model to locate the distance from the model to the position 
of flow reattachment.
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THE PROBE
An unencapsulated constantan foil strain gauge (R=120 D) is 
used as the heated element with a copper-constantan 
differential thermocouple to sense the temperature 
difference across the gauge. The Kapton flexible printed 
circuit board material is used for mounting the heated 
element and the thermocouple junctions, providing copper 
connections to the components on a thin flexible backing 
material. The maximum overall thickness of the probe is 
about 0.2 mm.
INTERFACE MODULE
The dedicated BBC microcomputer is used in conjunction with 
a power supply, an analogue to digital converter and an 
amplifier to control the operation of the probe. 
Measurements are then undertaken producing information 
regarding the location of flow separation and reattachment.
The new module, consists of :
- a built-in power supply,
- a thermocouple low-noise amplifier circuit,
- an analogue to digital converter and multiplexer 
circuit and
- a digital to analogue converter and power amplifier 
circuit.
DETAILS OF CIRCUITRY
The input/output user port of the BBC microcomputer is used 
for the control of the interface module. Data-lines PB0-PB7 
together with the CB2 line are the only connections between
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the machine and the interface. The Data Direction Register, 
DDRB (hex FE62), is first loaded with hex EO. This 
confitures the bit pattern of the user port so that the 
lowest five bits PBO to PB4 of the port act as input lines 
and the highest 3 bits (PB5 to PB7) act as the control 
lines.
The value of the voltage to the heated element is always 
produced by using the PB7 line as a clock pulse for the two 
4-bit 7493 counters. The number of pulses on the PB7, 
corresponding to the required voltage, produces a digital 
pattern at the input lines of the ZN428 digital to analogue
converter. The output analogue voltage is then sent to the
element via a power amplifier and is held across it for the 
required time. The state of the ZN428 (transparent or hold) 
is controlled via the line PB6 (0: transparent, 1: hold).
The thermocouple e.m.f. is fed into the 10-bit ADC573 via 
an AD585 sample and hold. The ADC converts the analogue 
voltage on the falling edge of the clock pulse of the CB2. 
The resulting digital voltage is then read into the
microcomputer via a system of multiplexers. The
multiplexers, allow five bits at a time to pass through, 
according to the status of the lines PB5 and PB6. The 
following table illustrates the operating sequence for each 
combination of the PB5 and PB6 lines:
PB5 PB6 OPERATION
1 1 Reset Counters
0 1 Count on PB7 clock. DAC transparent.
0 0 DAC on hold. Read in lowest 5 bits.
1 0 Reset counter. Read in highest 5 bits.
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THE SOFTWARE
After switch-on and carrying out an "autoboot" on the disc 
containing the control software, the assembler is loaded 
and run which places the sampling routine (machine code) in 
the memory (Starting address = hex 2000). The master 
program is then loaded which provides a menu of other 
programs associated with the operation of the probe.
There are three basic programs on the disc which could be 
loaded into the machine (BASIC PAGE address —  hex 4000). 
The INSPECTION routine is used to check the overall 
operation of the instrument. After running this routine the 
thermocouple voltage is constantly sampled by typing "Y". 
The sampling can be interrupted by typing "S" and entering 
"M" returns the control to MASTER.
The SLOPE routine is used to provide incremental voltage 
(0-5V) to the element and read the produced e.m.f. across 
the thermocouple. The value of each increment together with 
the amount of sampling time is provided by the user. This 
program is used to measure the slope of the V0 versus VA 
curve for each probe position. By traversing the probe in 
a separation or reattachment zone and running the SLOPE 
routine at each position, the user is able to locate the 
position of the flow separation or reattachment. The 
MEASUREMENT routine is a simplified version of the SLOPE 
program. It allows the user to provide the element with an 
input power by supplying a constant voltage across it. The 
routine will then read in the corresponding e.m.f. produced 
by the temperature difference sensed by the thermocouple 
junctions.
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ZERO PAGE ADDRESSES OF VARIABLES
Variable______________ Hex address
Current sample LB &0070
it HB 71
No. of samples HB 72
if 73
it 74
it LB 75
Counter LB 76
it 77
ti 78
it HB 79
Sum LB 7A
ti 7B
ti 7C
it 7D
it HB 7E
7F
flag for INSPECTION routine 80
81
Overflow flag, OFF (if 2 increment OFC) 82
Underflow flag UFF (if 2 increment UFC) 83
Overflow counter (OFC) LB 84
it HB 85
Underflow counter (UFC) LB 86
it HB 87
No. of counts to the 7493 counters 88
Delay time (DT) 89
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COMPUTER PROGRAMS FOR CONTROL OF SEPARATION—REATTACHMENT
PROBE
A- MASTER PROGRAM
>
10
20 REM ****************************
30 REM * *
40 REM * HEATED ELEMENT PROBE *
50 REM * *
60 REM * MASTER PROGRAM *
70 REM * *
80 REM ****************************
90 MODE7:VDU23,1,0?0;0;0;
100 PRINT TAB(2,2)CHR$(134)CHR$(141)"SEPARATION / 
R E A T T A C H M E N T  P R O B E "  110 P R I N T
TAB( 2 , 3 )CHR$ ( 134 ) CHR$ (141) "SEPARATION / REATTACHMENT PROBE" 
120 PRINT TAB(12,4)CHR$(129)"MASTER PROGRAM"
130 PRINT TAB(4,7)CHR$(136)CHR$(130)"ENTER: "
140 PRINT TAB(6,11)"A.... TO CHECK AMPLIFIER OUTPUT"
150 PRINT TAB(6,13)"C.... TO MEASURE SLOPE"
160 PRINT TAB(6,15)"R.... FOR REFERENCE VELOCITY"
170 PRINT TAB(6,17)"M.... TO TAKE MEASUREMENTS"
190 PRINT TAB(6,21)"T......TO TRAVERSE"
200 PRINT TAB( 6 ,23 ) "E.... TO END"
210 A$=GET$:IFA$=""THEN60
220 CLS
230 ?&80=&00
THEN PROCblip:PROCamp 
THEN PROCblip:PROCcal 
THEN PROCblip:PROCrefvel 
THEN PROCblip:PROCmeasur 
THEN PROCblip:PROCsamtr 
THEN PROCblip:PROCtrav 
THEN PROCblip:END
310 PRINTTAB(4,22)"PRESS ANY KEY TO RUN AGAIN ___ "
320 PROCbuzzer:A$=GET$
330 IF A$=""G0T0330 
340 GOTO20 
350 REM 
360 REM 
370 REM
380 DEF PROCamp 
390 ?&80=&01 
400 CHAIN "AMP"
410 ENDPROC 
420 REM 
430 REM 
440 REM
450 DEF PROCcal
240 IF A$= 'A
250 IF A$= 'C
260 IF A$= *R
270 IF A$= •M
280 IF A$= 'S
290 IF A$= •T
300 IF A$= fE
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460 CHAIN11CORR”
470 ENDPROC 
480 REM 
490 REM
500 DEF PROCrefvel
510 CLS:INPUTTAB(4,12)"REFERENCE PRESSURE (MM W.G.) ?"H 
520 U=4*SQR(H)
530 PRINTTAB(4,14)"REFERENCE VELOCITY= "?U?" M/S"
540 ENDPROC 
550 REM 
560 REM 
570 REM
580 DEF PROCmeasur 
590 CHAIN"MEASURE"
600 ENDPROC 
610 REM 
620 REM 
630 REM
700 DEF PROCtrav 
710 CHAIN"TRAV"
720 ENDPROC 
730 DEFPROCblip 
740 SOUND1,-15,220,1 
750 SOUND1,-15,216,1 
760 SOUND1,-15,226,2 
770 ENDPROC 
780 DEFPROCbuzzer 
790 FOR K%=1T015 
800 SOUND1,-15,216,3 
810 D=INKEY(20)
820 IF Do-1 K%=15 
830 NEXT K%
840 ENDPROC
B- INSPECTION PROGRAM
>
10 MODE7:VDU23,1,0;0?0;0?
20 PRINTTAB(6,5)CHR$(134)" INSPECTION ROUTINE"
30 PRINT TAB(4,10)" PRESS :"
40 PRINT TAB(4,11)" Y TO SAMPLE"
50 PRINT TAB(4,12)" S TO STOP"
60 PRINT TAB(4,13)" M TO GET BACK TO MASTER"
70 PRINT:PRINT:PRINT:PRINT
8 0 PRINTCHR$(130);"  "
:PRINTCHR$(136); CHR$(129)?" ENTER
OPTION":PRINTCHR$(130)?
1
i
90 A$=GET$:IF A$="" GOTO 90 
100 IF A$= "M" CHAIN "MASTER"
110 IF A$= "Y" GOTO 140 
120 IF A$= "S" END 
130 GOTOIO
140 FOR UP=1T04:VDU11:NEXT
150 PRINTSPC(38);PRINTSPC(38);PRINTSPC(38):PRINTSPC(38)
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160
170 FOR I=&70 TO &88 :?I=0:NEXTI 
180
190 B$=INKEY$ (5) : IF B$="S" GOTO 10 
200 @%=&20409
210 ?&80=&01 : REM AMP FLAG
220 ?&89=8 : REM DELAY TIME FOR ADC
230 ?&88=0 : CALL &2000
240 SUM=(256*?&71)+?&70
250 OF=(256*?&85)+?&84
260 UF=(256*?&87)+?&86
270 PROCblip
280 PRINT TAB(3,18)CHR$(129)CHR$(141)"*** Vout = " 
?(.004*SUM)-2;" milivolts ***"
290 PRINT TAB(3,19)CHR$(129)CHR$(141)"*** Vout = " 
; (.004*SUM)-2;" milivolts ***"
300 @%=10
310 PRINT TAB(1,21)"OVERFLOW= ";OF;
320 PRINT TAB(1,22)"UNDERFLOW= ";UF;
330 FORWAIT=1T0600:NEXT 
340 GOTO190 
350 DEFPROCblip 
360 SOUND1,-5,220 ,1 
370 S0UND1,-5,216,1 
380 SOUND1,-5,226,2 
390 ENDPROC
C- PROGRAM SLOPE
>
10 MODE135:VDU23/l/0;0;0;0?
20 11=0:SUMX=0:SUMY=0
30 SUMXX=0:SUMYY=0:SUMXY=0
40 AA=0:BB=0:CORR=0
50 CORR=l:VARX=0:VARY=0
60 FOR M=&70 TO &88:?M=&00:NEXT M
70 PRINTTAB(6,5)CHR$(134)11 SLOPE ROUTINE"
80 PRINTTAB(4,10)" ENTER Vi STEPS ":
I N P U T T A B (  4 , 1 1  ) " I N  V O L T S  
"VS:VS=INT(VS/.02):IFVS=0THEN80 90 PRINTTAB(4,1)" VS=
" ;VS
100 PRINTTAB(4,13)" ENTER SAMPLING TIME":
INPUTTAB(4,14)" IN SEC. (1000/SEC.) "NT:IFNT=0THEN100 
110 PRINTTAB(4,17)" IS PRINTER CONNECTED (Y/N) ?": 
A$=GET$:IF A$="Y" THEN PR=l:GOTO140 
120 IFA$="N"THENPR=0:GOT0140 
130 GOTOllO
140 NS=1000*NT:!&72=NS
150 MODE129:V=0
160 IF PR=0 GOTO 190
170 *FX6,13
180 VDU2 :GOT0200
190 CLS
200 VDU3
210 FOR M=&76 TO &87:?M=&00:NEXT M 
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230
240
250
260 ?&89=8 : REM DELAY TIME FOR ADC
270 ?&88=INT(51*V) : REM NO. OF COUNTS NEEDED TO HEAT
ELEMENT 280 
290
300 FORI=1T010:NEXTI 
310
320 CALL &2000
330
340
350
360
370
380 SUM=0
390 FOR BYTE=1T05
400 SUM=SUM+256A(BYTE-1)*?(&7A+BYTE-1)
410 NEXT BYTE
420 SUM1=INT(SUM/NS)
430 VO=(.004*SUMl)-2 
440 PROC_type 
450 V=V+VS
460 IF V>255 THEN PROC__PLOT :GOTO 480 
470 GOTO 210
480 MODE 135 :VDU23,1,0?0;0;0;
490 PRINT:PRINT:PRINT:PRINT:PRINTCHR$( 128)11 PRESS :11 
500 PRINTCHR$ (134)11 R TO RUN AGAIN"
510 PRINTCHR$ (134)" M TO GET BACK TO MASTER"
520 PRINTCHR$(134)" E TO END"
530 PRINT: PRINT-.PRINT
540 PRINTCHR$(130);"  "
:PRINTCHR$(136); CHR$(129);" ENTER
OPTION":PRINTCHR$(130)
. if ___________
ii
550 A$=GET$:IF A$="" GOTO 550
560 IF A$="R" GOTO 10
570 IF A$="M" CHAIN "MASTER"
580 IF A$="E" END
590 GOTO480
600 DEFPROC_type
610 IF PR=0 GOTO 640
620 *FX6,13
630 VDU2
640 @%=&20408
650 X=(V*.02)A2:Y=VO
660 PROC__corr
670 @%=10
680 VDU3
690 ENDPROC
700 DEFPROC__corr
710 11=11+1
720 R E M ----------- -------------
730 SUMX=SUMX+X 
740 SUMY=SUMY+Y
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750 SUMXX=SUMXX+(X*X)
760 SUMYY=SUMYY+(Y*Y)
770 SUMXY=SUMXY+(X*Y)
780 REM -------------------------
790 IF 11=1 GOTO890
800 REM -------------------------
810VARX=SQR((SUMXX/II)-((SUMX/II)A 2))
8 2 0VARY=SQR((SUMYY/II) - ((SUMY/II) A2))
830 BB=((II*SUMXY)-(SUMX*SUMY))/((II*SUMXX)-(SUMX*SUMX)) 
840 AA=(SUMY-(BB*SUMX))/II 
850 IFVARY=OTHENVARY=.0001 
860 CORR=BB*VARX/VARY
870 REM -------------------------
880 IF II>1 GOT0900
890 PRINT” ViA2 "; ” Vo"?" SLOPE"?" INT. " ?"
CORR." 895 PRINT" (vA2) (mv)"
896 PRINT"-------------------------------------- "
900 PRINT X,Y,BB,AA,CORR 
910 ENDPROC 
920 DEF PROC_PLOT 
930 @%=&20408
940 PRINT: PRINT :PRINT"DO YOU WANT CALIBRATION 
LINE":PRINT"TO BE PLOTTED ?"
950 A$=GET$:IF A$=""THEN950 
960 IF A$="Y"THEN980 
970 GOTO 1180 
980 X1=0 : Y1=AA 
990 X2=X 
1000 Y2=BB*X2+AA
1010 PRINT"X1= "?X1?” Yl= »?Y1?" X2= ”?X2?" Y2= "?Y2?
1020 VDU24,20 ? 20 ?1200 ?1000 ?:CLS:CLG 
1030 MOVE 100,500 : DRAW 1100,500 
1040 MOVE 100,100 : DRAW 100,900
1050 PLOT 69,300,499: PLOT 69,500,499: PLOT 69,700,499:
PLOT 69,900,499: PLOT 69,1100,499
1060 X1=40*X1+100:X2=40*X2+100
1070 Yl=80*Yl+500:Y2=80*Y2+500
1080 MOVE XI,Y1:DRAW X2,Y2
1090 PRINTTAB(0,0)"Vout"
1100 PRINTTAB(35,16)»VinA2"
1110 PRINTTAB(34,18)"25."
1120 PRINTTAB(1,16)"0"
1130 PRINTTAB(1,28)"-5.V"
1140 PRINTTAB(1,2)"+5.V"
1150 PRINTTAB(22,24)"SLOPE= "?BB?
1160 PRINTTAB(14,30)"HIT A KEY TO CONTINUE"
1170 T$=GET$:IFT$=""THEN1170 
1180 ENDPROC
D— MEASUREMENT PROGRAM
>
10 MODE7:VDU23,1,0?0?0?0?
20 FOR M=&70 TO &75:?M=&00:NEXT M
30 PRINTTAB(6,5)CHR$(134)" MEASUREMENT ROUTINE"
40 PRINTTAB(1,10)" ENTER VOLTAGE TO BE SENT TO GAUGE":
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INPUTTAB(4,11)" (0-5v)"V :V=INT(V/.02)
50 PRINTTAB(4,13)" ENTER SAMPLING TIME":INPUTTAB(4,14)
" IN SEC. (1000/SEC.) "NT:IFNT=0THEN50 
60 PRINTTAB(4,17)" IS PRINTER CONNECTED (Y/N)
?" : A$=GET$: IF A$="Y" THEN PR=1 ELSE PR=0
70 NS=1000*NT:!&72=NS 
80 IF PR=0 GOTO 110 
90 *FX6,13 
100 VDU2 :GOTO120 
110 CLS
120 PRINT"_____________________________ "
130 PRINT" Vi ViA2 Vo "
135 PRINT" (v) (vA2) (mv)"
140 PRINT"_____________________________ "
150 VDU3
160 FOR M=&76 TO &87:?M=&00:NEXT M 
170
180 ?&89=8 : REM DELAY TIME FOR ADC 
190 ?&88= INT (51*V)
200
210
220
230
240
250
260
270 CALL &2000 
280 
290 
300 
310
320 SUM=0
330 FOR BYTE=1T05
340 SUM=SUM+256A(BYTE-1)*?(&7A+BYTE-1)
350 NEXT BYTE
360 SUM1=INT(SUM/NS)
370 VO=(.004*SUMl)-2 
380 PROC_type
390 PRINT:PRINT:PRINT:PRINT:PRINT(CHR$129)" PRESS :"
400 PRINTCHR$(134)" R TO RUN AGAIN"
410 PRINTCHR$ (134)" M TO GET BACK TO MASTER"
420 PRINTCHR$(134)" E TO END"
430 PRINT:PRINT:PRINT
440 PRINTCHR$(130)?"  "
:PRINTCHR$(136); CHR$(129);" ENTER
OPTION":PRINTCHR$(130)? 
ii
ii
450 A$=GET$:IF A$="" GOTO 450
460 IF A$="R" GOTO 10
470 IF A$="M" CHAIN "MASTER"
480 IF A$="E" END 
490 GOTO390 
500 DEFPROC_type 
510 IF PR=0 GOTO 540 
520 *FX6,13
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530 VDU2 
540 @%=&20409
550 PRINT(V*.02),(V*.02)A2,VO 
560 @%=10 
570 VDU3 
580 ENDPROC
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>E- TRAVERSE PROGRAM
>
10 REM **********************
20 REM TRAVERSE PROGRAM 
30 REM **********************
40 DIM X(3), Y( 3 ), Z ( 3),P( 3 ),PX(3),PY(3),PZ(3),P$(3), 
M(3),X$(3),Y$(3),Z$(3),DELAYTIME(3),D(3),K(3),M$(3) 
50 DIM DL(3 ) ,TN(3), B (3)
60 NC=6:SP$=STRING$( 25," "):CR$=CHR$(13):DIMF$(NC)
7 0 CLS:PRINT:PRINT:PRINTCHR$(134);" TRAVERSE
ROUTINE":PRINT
80 PRINT .-PRINT" PRESS: PRINT
90 PRINT" X TO TRAVERSE"
100 PRINT" E TO RETURN TO MENU"
110 PRINT:PRINT:PRINT:PRINT:PRINT 
120 PRINT:PRINT:PRINT
130 PRINT:PRINTCHR$(130)?"  "
140 PRINTCHR$(136);CHR$(129)?" ENTER OPTION"
150 PRINTCHR?(130)?"  "
160 A$=GET$
170 IF A$="X" THEN GOSUB200 : GOTO 70 
180 IF A$="E" THEN CHAIN"MASTER"
190 GOTO70
200 1=3 : INPUT"HOW MANY mm ?"X 
210
220 TR=X : DELAY=DELAYTIME(I)
230
240 PROCtravon
250 PROCmovetraverse(TR)
260 FINISHTIME=(TIME+DELAY*100)+100
270 REPEAT
280
290 UNTIL TIME>FINISHTIME
300
310
320 PROCtravoff 
330
340 RETURN 
350 END 
360
370 REM ****PROCEDURE DEFINITIONS***
380
390 DEF PROCtravon 
400 *IEEE
410 cmd%=OPENIN("COMMAND")
420 data%=OPENIN("DATA")
430 PRINT#cmd%,"BBC DEVICE NO",7 
440 PRINT#cmd%,"CLEAR"
450 PRINT#cmd%,"REMOTE ENABLE"
460 PRINT#cmd%,"END OF STRING",CHR$(13)+CHR$(10)
470 trav%=OPENIN("5,0")
480 PRINT#cmd%,"UNLISTEN"
490 PRINT#cmd%,"LISTEN",trav%,"EXECUTE"
500 ENDPROC
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510
520
530
540 DEF PROCtravoff
550 PRINT#cmd%,"UNLISTEN"
560 CLOSE#0 
570 CLOSE#cmd%
580 CLOSE#data%
590 *DISK
600 ENDPROC
610
620
630
640 DEFPROCblip
650 SOUND1,-15,220,1
660 SOUND1,-15,216,1
670 SOUND1,-15,226,2
680 ENDPROC
690
700
710 DEF PROCmovetraverse(TR) 
720 LOCAL B,MS 
730 MS=INT(400 *TR)
740 F0RI=1T03
750 B(I)=INT(MS/256A(3-1)) 
760 ?(&70+I)=B(I)
770 MS=MS—B(I)*256A(3-1)
780 ?(&80+I)=0 
790 NEXT I 
800 CALL &2130 
810 ENDPROC 
820
F- THE ASSEMBLER
>
10 FOR PASS=0 TO 2 STEP 2 
20 P%=&2000
30 [ OPT PASS
40 LDA #&E0 \ SET BIT PATTERN
50 STA &FE62 \ TO 11100000
60 LDA #&6 0 \ RESET COUNTER
70 STA &FE60
80 LDA #&40 \ START COUNT
90 STA &FE60
100 LDY #0
110 .LOOP LDA #&co \ CLOCK PB7
120 STA &FE60
130 LDX #&FF
140 .W1 DEX
150 BNE W1
160 NOP
170 NOP
180 NOP
190 LDA #&40
200 STA &FE60
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210 LDX #&FF
220 . W2 DEX
230 BNE W2
240 INY
250 CPY &88
260 BNE LOOP
270 LDA #0
280 STA &FE60
290 LDA #&E0 \ SET BIT PATTERN
300 STA &FE62 \ TO 11100000
310 .SAMPLE LDA #&DE \ PULSE CB2
320 STA &FE6C
330 LDX &89 \ DELAY TIME FOR ADC
340 . W3 DEX
350 BNE W3
360 NOP
370 NOP
380 NOP
390 LDA #&FE
400 STA &FE6C
410 LDX &89
420 . W4 DEX
430 BNE W4
440 LDA #0 Nt LOW BYTE
450 STA &FE60
460 LDA &FE60
470 AND #&1F
480 STA &70 \t 00054321
490 LDA #&20 N, HIGH BYTE
500 STA &FE60
510 LDA &FE60
520 AND #&1F
530 TAY \ 000876T9
540 ASL A \ 00876T90
550 ASL A \ 0876T900
560 ASL A \ 876T9000
570 AND #&E0 \ 87600000
580 ORA &70 \ 87654321
590 STA &70 \ LOW BYTE****
600 TYA \ 000876T9
610 AND #3 \ 000000T9
620 STA &71 \ HIGH BYTE***
630 NOP
640 NOP
650 LDA #&00
660 STA &82
670 STA &83
680 NOP
690 LDA &70
700 CMP #&FF
710 BNE AAA
720 INC &82
730 .AAA NOP
740 LDA &70
750 CMP #&00
760 BNE AAB
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770 INC &83
780 .AAB NOP
790 LDA &71
800 CMP #&03
810 BNE AAC
820 INC &82
830 .AAC NOP
840 LDA &71
850 CMP #&00
860 BNE AAD
870 INC &83
880 .AAD CLC
890 LDA &82
900 CMP #&02
910 BNE AAE
920 LDX #&00
930 .BBB CLC
940 LDA #&01
950 ADC &84,X
960 STA &84,X
970 BCC AAE
980 INX
990 CPX #&02
1000 BNE BBB
1010 .AAE LDA &83
1020 CMP #&02
1030 BNE AAF
1040 LDX #&00
1050 .BBC CLC
1060 LDA #&01
1070 ADC &86,X
1080 STA &86,X
1090 BCC AAF
1100 INX
1110 CPX #&02
1120 BNE BBC
1130 .AAF NOP
1140 LDA &80
1150 CMP #&01
1160 BNE GO
1170 RTS
1180 .GO NOP
1190 LDY #&00
1200 LDA &70
1210 .SONE CLC
1220 ADC &7A,Y
1230 STA &7A,Y
1240 BCC BONE
1250 LDA #&01
1260 INY
1270 CPY #&05
1280 BNE SONE
1290 .BONE LDA &71
1300 LDY #&00
1310 .STWO CLC
1320 ADC &7B,Y
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1330 STA &7B,Y
1340 BCC BTWO
1350 LDA #&01
1360 INY
1370 CPY #&04
1380 BNE STWO
1390 .BTWO LDA #&01
1400 LDY #&00
1410 . STHR CLC
1420 ADC &76, Y
1430 STA &76, Y
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Figure 44 - The three distinct flow regimes associated with 
a surface-mounted type I semi-cylinder sheltered by a fence
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dimensional model of type I in the thin boundary layer 
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Figure 54 - Variation of local lift and drag coefficients 
with the position of the roughness strip on the two- 
dimensional model of type I in the thin boundary layer 
(e/D=0.005)
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Figure  ^60 Distribution of mean surface pressure
coefficients on rough, three-dimensional (L/H=l) model of 
type I geometry in the rough boundary layer
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coefficients on rough, three-dimensional (L/H=2) model of 
type I geometry in the rough boundary layer
Ol
CO
CM
o
10o| oo
CM
CO
o
o
F L O W
Fi
gu
re
 
62 
- 
Di
st
ri
bu
ti
on
 
of 
me
an
 
su
rf
ac
e 
pr
es
su
re
 
co
ef
fi
ci
en
ts
 
on 
ro
ug
h,
 
th
re
e-
di
me
ns
io
na
l 
(L
/H
=3
) 
mo
de
l 
of
 
ty
pe
 
I 
ge
om
et
ry
 
in 
th
e 
ro
ug
h 
bo
un
da
ry
 
la
ye
r
o/O o
o
o
o
CO . o
CM
o
V<£>
o
o
o
o
F L O W
o o CO
o
Fi
gu
re
 
63 
- 
Di
st
ri
bu
ti
on
 
of 
me
an
 
su
rf
ac
e 
pr
es
su
re
 
co
ef
fi
ci
en
ts
 
on 
ro
ug
h,
 
th
re
e-
di
me
ns
io
na
l 
(L
/H
=4
) 
mo
de
l 
of
 
ty
pe
 
I 
ge
om
et
ry
 
in 
th
e 
ro
ug
h 
bo
un
da
ry
 
la
ye
r
oo
LO
O
CM
O
CO
o ‘
oCM
O
O
(O
o
to1
Fi
gu
re
 
64 
- 
Di
st
ri
bu
ti
on
 
of
 
me
an
 
su
rf
ac
e 
pr
es
su
re
 
co
ef
fi
ci
en
ts
 
on 
ro
ug
h,
 
th
re
e-
di
me
ns
io
na
l 
(L
/H
=4
) 
mo
de
l 
of
 
ty
pe
 
I 
ge
om
et
ry
 
in 
th
e 
ro
ug
h 
bo
un
da
ry
 
la
ye
r 
wi
th
 
fl
ow
 
at
\ \ \
\ \o
CO
O
O
O
O
O
in
V
+J<c
3o
pH
<1H
0
p o 
G 
m
in 0 
0 'O
& 0 a g
,G ^•p 
0  ^  -H  0 I £ 0 ffi
U  \  Li
P PI 0
2 ->i
pH
0
G
O
0
> 1  Li0*H Sg
£ G 0
* H 
° *
I
0 
0 
P jG 
-P
G
0
£1
.G
G0
P
^  0 
PH Gl
■S+*
§5P -H
in
P
■P
0
g
o
m 
-P
VD 0 0 
•H O'
O ,0 -H H
P
G P  0 tj\ 0 a® *h o >iin 
P O+J ^
,o
CM
O CO
O
CM
o'
CO
o
ID
CO
O
o
in
o
o
o
co
Oi
■p
0
5 0 t—1
<w
(D «W
U 0 
G 
to
to 0
0 73
% 0 o* g
.G
0 -H 0 I £ 0 ffi
h ^  © 
3  w  > 1
iH
0
Go
0
>1
2’£ « g w 73
£ c 0
4-1 §
o £73 
I 
0 
0 
P 
A  
-P
Go
•rH
-p
.Q
• H
p
■p
0
• H
Q
3
0
.Q
.G
& >
G
0
P
v  <U 
.G &
° 5p  *H
G >i
• °iJ
jj I
G 0 VD 0  0
•H O'
00 -H H
P <H 
G «h  0
t? 0  0<o
-H O >i O  
P  U-P VO
CM
O
oFi
gu
re
 
67 
- 
Di
st
ri
bu
ti
on
 
of 
me
an
 
su
rf
ac
e 
pr
es
su
re
 
co
ef
fi
ci
en
ts
 
on 
ro
ug
h,
 
th
re
e-
di
me
ns
io
na
l 
(L
/H
=4
) 
mo
de
l 
of
 
ty
pe
 
I 
ge
om
et
ry
 
in 
th
e 
ro
ug
h 
bo
un
da
ry
 
la
ye
r 
wi
th
 
fl
ow
 
at
o,oCM1o
o
F L O W
CO
c
Figure 68 - Distribution of mean surface pressure
coefficients on rough, three-dimensional (L/H=l) model of 
type II geometry in the rough boundary layer
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Figure 69 - Distribution of mean surface pressure
coefficients on rough, three-dimensional (L/H=2) model of 
type II geometry in the rough boundary layer
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Figure 76 - Distribution of mean surface pressure
coefficients on rough, three-dimensional (L/H=l) model of 
type III geometry in the rough boundary layer
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Figure 77 - Distribution of mean surface pressure
coefficients on rough, three-dimensional (L/H=2) model of 
type III geometry in the rough boundary layer
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Figure 78 - Distribution of mean surface pressure
coefficients on rough, three-dimensional (L/H=3) model of 
type III geometry in the rough boundary layer
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Figure 111 - Mean velocity and turbulence intensity
profiles on the wake centre-line of the solid fence
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Figure 118 - Variation of centre-line pressure distribution
with spacing for smooth two-dimensional type I models in
multiple-span configuration in the thin boundary layer
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Figure 119 - Variation of centre-line pressure distribution
with spacing for smooth two-dimensional type II models in
multiple-span configuration in the thin boundary layer
Figure 120 - Variation of centre-line pressure distribution 
with spacing for smooth two-dimensional type III models in 
multiple-span configuration in the thin boundary layer
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Figure 121 - Variation of centre-line lift and drag
coefficients for smooth two-dimensional multiple-span 
models of type I in the thin boundary layer
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Figure 122 - Variation of centre-line lift and drag
coefficients for smooth two-dimensional multiple-span
models of type II in the thin boundary layer
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Figure 123 - Variation of centre-line lift and drag
coefficients for smooth two-dimensional multiple-span 
models of type III in the thin boundary layer
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